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Abstract

Abstract
Rapid-Onset, High-Intensity hazards such as dam failures, tsunami, flash floods, volcanic lahars,
urban-wildland interface fires and industrial accidents can produce catastrophic mortality for Populations
at Risk (PAR). Governments, local communities and other stakeholders can use risk management,
sustainable hazards mitigation and emergency/disaster management processes before an event to establish
a Community Protection System (CPS) to protect the PAR. A CPS is a system-of-systems that combines
the capabilities of the natural, critical infrastructure and social infrastructure environments. Since a CPS
can be expensive to establish and maintain, and since there can be many uncertainties associated with
system performance, there is a need to develop reliability-based Life Safety Measures that can be used to
analyse and rank alternatives, to optimize designs and to inform stakeholders. Forensic datasets that
describe historic disaster outcomes generally cannot support the process of loss and survival estimation;
therefore, analytical and simulation-based methods must be used to develop synthetic CPS performance
data. Life Safety can be assessed using two limit state equations that assess the sufficiency of time and the
sufficiency of protection offered to individuals in the hazard impact zone. These equations consider
causal event chains, spatial pathways, network interdependencies, management decisions, differential
vulnerabilities, individual decisions and emergent/non-linear systems behaviours. The performance
estimates can be estimated and visualized using a Life Safety Performance Space and a time-dependent
Life Safety State Space. A Systems Modelling Framework is developed to guide the integration of the
analytical and systems simulation models used to estimate mortality and survival. The framework
combines concepts from systems engineering, systems safety, Geographic Information Systems, systems
simulation, critical infrastructure modelling, hazards research and disaster research. The resulting
probabilistic-causal-quantitative framework provides a basis for developing estimates that are transparent
and defensible. Detailed theoretical formulations of the Systems Modelling Framework and the Life
Safety Measures are developed. A series of hypothetical examples are used to demonstrate the methods.
Applications are developed for tsunami preparedness and dam safety at the macro-, meso- and microresolutions. The tsunami example considers the Cascadia Subduction Zone tsunami hazard. The dam
safety examples consider the St. Francis and Malpasset Dam Failures.
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Vector of inputs to the HAZ, CPS and PAR systems.
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the Indicator Function I[ ].
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each PARU. Each column of the matrix corresponds to a different performance
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A column vector of the matrix MOP. This column is the estimated performance for
each PARU using performance measure MOPn.
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The number of CPS scenarios.
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Number of PARUs who are injured at the end of a hazard event
Number of buildings lost at the end of a hazard event
Number of PARUs who are lost at the end of a hazard event
Number of objects that are lost at the end of a hazard event
Number of vehicles lost at the end of a hazard event

xviii

List of Acronyms and Symbols

Symbols

NOBJ
NOK
NPARG
NPARU
NPARU,i-j
NPOP
NOUT
NVUL
NL
O
PAHAZ, PACPS,PAPAR
PAR_S
PAR_T
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R
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Number of PARUs who are OK at the end of a hazard event
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Number of PARUs for hazard scenario HAZi and vulnerability scenario VULj
Number of PARUs in the community
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Origin of PARUs route RT(m,O,t) (also a subscript in G functions)
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Random variable for individual strength of a person
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Intensity (demand, stress) of the hazard (HAZ).
System state coefficients matrix.
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Output signals coefficients matrix (for SX).
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Measurement errors matrix for the HAZ, CPS and PAR systems.
Systems observations matrix for the HAZ, CPS and PAR systems.
Vector of state variables for the HAZ, CPS and PAR systems.
Vector of output variables for the HAZ, CPS and PAR systems.
Vector of output observations for the HAZ, CPS and PAR systems.
Time span of an activity during the trans-impact phase
The full time span (duration) of the trans-impact phase.
Random variable for the time span required for a hazard to form and then trigger.
Time span before the first impacts of the hazard.
Duration of hazard impacts within the community.

TSMM

Composite control parameter = CPS_TM (CPS Monitor + Diagnose + Decide + Warn
times) + PAR_TMOB (the part of PAR_T that covers the time to mobilize).

TSM1
TSM2

Time span between impact start and protection start [= TSH1 - TSP1]
Time span between maximum NOK and impact start [= TSH1 - (TSP1+TSP2)]

TSPROP

The time span required for a hazard to propagate from its source zone to the community
at risk.

TSP1
TSP2

Time span to start of community protective actions.
Time span to complete community protection actions.
The j'th vulnerability scenario
The width of the rectangular area of a community at risk.
Safety Margin: Z = R - S
Probability Density Function (PDF) or Probability Mass Function (PMF) for random
variable u or vector u

VULj
W
Z
f(u), f(u)
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g
h
i
j
k
l
m
n
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q
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t
tL
u
u
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uPAR
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v
vHAZ
vPARU
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xLOSS
(x, y, z)

Definition
A two-dimensional surface in the [GT, GP] space that represents the performance of
CPSk for composite scenario CSi,j,k
The marginal distribution GT of performance of CPSk for composite scenario CSi,j,k
The marginal distribution GT of performance of CPSk for composite scenario CSi,j,k
Gravitational acceleration [m/s2]
Depth of a waterbody
Index for hazard scenarios HAZi.
Index for vulnerability scenarios VULj.
Index for CPS scenarios CPSk. k = 0 is the ad hoc CPS scenario.
Index for PARUl in composite scenario CSi,j,k
Index for internal and external safe havens in composite scenario CSi,j,k
Index for possible routes taken by a PARU to a safe haven in composite scenario CSi,j,k
Probability of failure (e.g., the loss of a structure, a CI object, a single PARU or the
whole CPS)
Probability of Loss of Life of the general Population at Risk or of an individual person
Probability of survival of the general Population at Risk or of an individual person
Probability of survival, success
Flow of hazardous material ['hazard unit' / s]
A vector of indicator variables derived from MOEk that indicates the loss or survival of
each PARU
Survival indicator variable for PARUl. sl = 1 indicates survival, sl = 0 indicates loss.
Time (variable) [usually seconds, but can also be hours or days]
The lifetime of a structure. Used to determine the probability of an outcrossing event.
Random or deterministic variable
A vector of random and deterministic variables for PDF, PMF, CDF functions.
The general set of input variables that fully describe the HAZ, VUL, and CPS systems
Input variables that describe the CPS system
Input variables that describe the HAZ system
Input variables that describe the PAR subsystem
Input variables that describe the VUL system
Velocity
Velocity of Hazard (usually along ground) [m/s or km/hr]
Velocity of PARU (usually along ground) [m/s or km/hr]
The positive distance along the x-axis from the origin to the right-most extent of the
hazard exposure zone (for a monotonically increasing protection function).
The positive distance along the x-axis from the origin to the transition point from loss to
survival for a PARU (for a monotonically increasing protection function).
Geographic location, e.g. (latitude, longitude, elevation), (Easting, Northing, elevation).

Greek Symbols:


P
T
6TP
)N(x)

Reliability index.
Reliability index for protection
Reliability index for time
Covariance matrix for the performance distribution fMOP in the [GT, GP] coordinate
space.
Cumulative Normal distribution
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Jx
JMaxF
G(x,y), G(O)
H1, H2, H3, H4
T
NH
NP
O
OHAZ-COM
OHAZ-HAV
ORT
P
PCPS_P
PCPS_T
PHAZ_I
PHAZ_T
PP
PPAR_P
PPAR_T
PT
U
Ua,b
UPAR
V
VCPS_P
VCPS_T
VHAZ_I
VHAZ_T
VP
VPAR_S
VPAR_T
VT

Definition
Maximum hazard intensity for a given maximum probability of failure x
Hazard intensity for a given maximum allowable probability of failure MaxF
Dirac Delta Function at location x,y or along a PARU's route RT at location O
Coefficients for logistic equations
Slope angle
Exponent for a generalized Hazard Intensity function. NH t 0.
Exponent for a generalized CPS Protection function. NP t 0.
The length along a route taken by a PARU or by the HAZ. O=0 is at the origin of the
route.
The distance from the hazard source to the community.
The distance from the hazard source to the community's havens.
The distance from a PARU's origin (O) to a destination (D) along a route.
Mean value
Mean value for CPS protection
Mean value for CPS time
Mean value for hazard intensity
Mean value for hazard time
Mean value for the protection margin
Mean value for PAR protection
Mean value for PAR time
Mean value for the time margin
Correlation coefficient
Correlation between two random variables (e.g. UHAZ_T,CPS_T)
Density of the Population at Risk in an area (e.g. exposure zone)
Standard deviation
Standard deviation for CPS protection
Standard deviation for CPS time
Standard deviation for hazard intensity
Standard deviation for hazard time
Standard deviation for protection
Standard deviation for Population at Risk strength
Standard deviation for Population at Risk time
Standard deviation for time
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Introduction
Many communities worldwide are located in hazardous zones by choice and necessity. These

settlements are generally sited on low-lying land near oceans, along rivers or the edge of lakes. This
makes the communities easier to build, operate and maintain. Easy access to water also facilitates
construction, manufacturing, warehousing and trade activities. Government, commercial, retail and
education services may also thrive nearby. But some of these settings can also be exposed to rapid-onset,
high intensity hazards that can cause catastrophic losses. Examples of these hazards include dam failures,
tsunami, flash floods, volcanic lahars, urban-wildland interface fires and industrial accidents.
Communities must balance economic prosperity with the need to protect life.
Before a hazard event, stakeholders can employ risk management, hazards mitigation, disaster
management and emergency management processes in an attempt to reduce or eliminate potential losses.
These stakeholders are local citizens, company owners, governments and other groups that have some
form of personal or financial interest in ensuring the success of their organization, business or some other
concern (OED 2011).1 In the context of risk and emergency management, stakeholder interests can be
affected by the decisions made by policy makers, asset managers, emergency managers and local
businesses (Kunreuther 2000; Lindell et al. 2007). This dissertation focuses on the specific need to
preserve life during a hazard event and develops a framework and methods to estimate the life safety
performance of the protective systems established by the stakeholders. This will require consideration not
only of response activities during an event, but also the mitigations and preparations that can occur years
before a disaster and the recovery activities after a disaster.
It is proposed that the problem of life safety estimation can be addressed by modelling the
interactions of three systems: a Hazard System (HAZ), a Community Protection System (CPS) and a
Vulnerability System (VUL) (shown conceptually in Figure 1). A system is "a set or assemblage of
things connected, associated or interdependent, so as to form a complex unity; a whole composed of parts
in orderly arrangement according to some scheme or plan" (OED 2011). The HAZ system is a natural,
technological or wilful hazard that progresses as a plume of energy or materials in space and time towards
and through a community at risk. The VUL system is comprised of the Population at Risk (PAR),
Critical Infrastructure (CI), Social Infrastructure (SI), the economy and the local environment. In this
dissertation, the PAR will be treated as a system that is conceptually at the same level as the HAZ and
CPS systems. The PAR system comprises residents, workers, students and visitors who are exposed to the
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hazard's effects within a hazard impact zone. This zone is the geographic extent directly affected by the
damaging properties of the hazard.
Community Protection System (CPS)
Services: e.g., Mitigate, Adapt, Prevent, Prepare,
Monitor, Abate, Control, Evacuate Shelter, Recover

Consequences
Vulnerabilities (VUL)
hazard plume
progresses in
space and time

Hazard
(HAZ)

Key

Population at Risk (PAR)
Critical Infrastructure (CI)
Social Infrastructure (SI)
Economy
Environment

Loss of Life,
Injuries
Economic &
Infrastructure
Loss
Environmental
Loss

Control, Communications & Services
Hazard
Consequences

Figure 1 - Hazard, Community Protection System, Vulnerabilities and Consequences
A CPS is a system that offers protective services to the PAR system by combining the capabilities
of the natural environment, of CI sectors such as power, communications and transportation and of SI
sectors such as health services and volunteer groups. CPSs can come in many shapes and sizes. Some of
them engage smaller exposures such as the danger posed to a hamlet of ten houses by a small irrigation
dam, while others can address far larger exposures such as the risks posed to a collection of communities
by a subduction zone tsunami, a portfolio of multiple dams or a complex diking system. As the scale and
complexity of the problem increases, government agencies and CI/SI service providers can be engaged to
help assess, monitor and control the risks.
Stakeholders can face a number of challenges when attempting to build and maintain a CPS and
there can be a range of alternatives to choose from. Some of the alternatives can be very expensive and
some systems can take many years or even decades to construct. Some CPS require ongoing inspections,
maintenance, retrofits and possibly replacement once they reach the end of their design life. Many of the
CI/SI systems will have some resilience to hazards, they are typically not designed to work together as an
integrated whole under extreme hazard conditions. These systems can concentrate key functions at critical
nodes to minimize costs and maximize operational efficiency; however, the loss of these nodes during an
emergency can greatly reduce the protective services offered to the PAR. A lost node might be a
communications centre that provides land line and cell phone services to a whole town, or a dam which
impounds a reservoir. Some CPS must employ designs with components in series, but the failure of any
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one component could be catastrophic. For example, the failure of one or two segments of a diking system
may be sufficient to produce catastrophic mortality. The non-linear degradation of CPS performance can
also be a factor. For example, as the demand for evacuation transport increases during an event, the
elapsed time required to move people to safety may increase non-linearly as the road density of evacuees
increases beyond a critical value.
The range of possible alternatives, costs, complex systems interactions, trade-offs and
uncertainties can pose significant challenges for decision-makers before an event. Operational decisions
taken during an event can also have a significant influence on mortality outcomes. Local evacuation
decisions taken by groups and individuals can influence their prospects. System-level decisions made by
facility managers and community leaders under extreme time pressures can also play a key role in
protecting life. In each of these contexts, the stakeholders must employ some form of rational decision
process that helps them analyse and rank proposed solutions to select the best available alternative.
The foundation for the assessment of life safety performance of a CPS is the estimation of loss
and survival outcomes for the PAR system. One approach to estimate these outcomes is to apply
regression-based methods to historical loss datasets. While this type of analysis can provide important
insights, the underlying datasets cannot support life safety assessment for future events. A second
approach is to experiment directly with the CPS and the PAR systems. But this approach cannot be
effective for extreme events. Field tests of large evacuations can be cost-prohibitive and exercising
selected parts of a CPS to ensure that a warning has been issued, passed down the line and received by
some portion of the community does not provide sufficient evidence that mortality can be reduced or
eliminated. The uncertainties associated with hazard arrival times and intensities, and the range of initial
conditions such as different times of day, week and season make it impractical to fully test CPS
performance in an operational setting. For many structural mitigations such as dikes and tsunami walls,
the first full-scale test of these assets is the extreme hazard event itself. The level of preparedness of the
PAR and their ability and willingness to take protective action are also important factors. Given these
limitations, additional methods need to be introduced that can develop synthetic CPS performance data.
This dissertation addresses two aspects of the performance estimation problem: the need to
develop a Systems Modelling Framework and the need to develop Life Safety Measures that can be used
to assess the performance and effectiveness of a CPS. A Systems Modelling Framework can provide a
unifying approach that guides the analysis, modelling and simulation of the HAZ, CPS and PAR systems.
It can describe how mathematical models, social models, physical experiments, community exercises,
analytical- and simulation-based tools can be combined to develop the life safety performance estimates.
Life Safety Measures can be formulated to provide quantitative-probabilistic estimates of mortality and
survival of the PAR using a time-dependent reliability approach.
3
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The work to develop the Systems Modelling Framework addresses the following research
questions:
x

What are the procedural, functional and data properties of a CPS that are relevant to modeling life
safety performance? How can the systems states, relationships, behaviours and interactions be
modelled?

x

What are the primary functions of the CPS that operate before, during and after a hazard event? How
can these functions be quantified so that they can be incorporated into the life safety performance
equations?

x

How can the causal linkages between the activities and pivotal events that occur within and between
the HAZ, CPS and PAR systems be modelled?

x

How can this approach be used to model not just the successful operation of the CPS but also
marginal or non-performance of the CPS that may contribute to mortality? Similarly, how can this
approach be used to investigate how the marginal performance of the PAR (e.g., slow responses to
warnings) can contribute to mortality?
The work to develop the Life Safety Measures addresses the following research questions:

x

How is life safety estimated in related problem domains? What are the performance dimensions that
should be used to assess the life safety of a CPS for a rapid-onset, high-intensity hazard?

x

How should the measures be formulated? How can the measures be visualized and communicated?

x

How can insights gained from the Systems Modelling Framework be used to extend the Life Safety
Measures to reflect more complex systems behaviours and interactions?

x

How can the approach be used to model the influence of decisions on loss and survival outcomes?

x

Two specific aspects of CPS protection called evacuability and shelterability will be introduced and
developed. How can the Life Safety Measures be used to estimate whether or not a community is
evacuable or shelterable?
The general approach taken by the dissertation to analyse and model these systems is based upon

systems theory, systems engineering and systems analysis. These concepts are introduced in Section 2.1.
A description of the general problem context and processes followed by the stakeholders to manage risks
and to prepare for and manage emergencies is provided in Sections 2.2 to 2.4. Section 2.4.6 provides an
important discussion of the risk assessment, risk control and emergency management questions posed by
stakeholders, and re-states these questions in a form that guides the work in this dissertation. Section 2.5
surveys concepts that inform the development of the Systems Modelling Framework. Section 2.6 reviews
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concepts that inform the development of the Life Safety Measures. Chapter 3 develops the proposed
Systems Modelling Framework. Chapter 4 formulates the Life Safety Measures. Chapter 5 provides
additional interpretations, extensions and hypothetical examples of the Framework and Measures.
Chapters 6 and 7 demonstrate the application of the Framework and Measures in two domains: tsunami
emergency preparedness and dam safety management. Chapter 6 demonstrates the application of the
methods to the problem of preparing for response to a Cascadia Subduction Zone (CSZ) tsunami. Chapter
7 demonstrates the use of the methods to analyse the St. Francis Dam and the Malpasset Dam failures.
Chapter 8 discusses the contributions of the research and makes recommendation for future research. The
Appendices provide supporting information as well as more detailed technical descriptions and examples
of the calculation methods.
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2.1

Literature Review and Synthesis
Systems Theory, Engineering, Analysis and Modelling
The general philosophy of the methods developed in this dissertation stem from systems theory,

engineering and analysis concepts. Many different definitions of the word system can be found in the
literature. Simonovic (2011) notes that more than fifteen dictionary definitions can be found. Van Gigch
(1978) and Ackoff (1976) define a system in simple terms as an assembly or set of related elements.
Skyttner (2001) provides a survey of systems concepts and discusses a number of alternate definitions:
something recognized by an observer; "a set of variables sufficiently isolated to stay constant long enough
for us to discuss it"; "a set of interacting units or elements that form an integrated whole intended to
perform some function" and a set of people, machines and material connected by communication links
and organized to accomplish a specific objective.
The concept of a system is part of a broader philosophical approach that can be called systems
thinking, systems theory, holistic thinking and General Systems Theory. A number of authors trace the
many pathways that have led to modern-day systems concepts (von Bertalanffy 1968; Van Gigch 1978;
Haimes 2009; Simonovic 2011; Skyttner 2001; Weinberg 2001). They observe that the pure, applied and
social sciences attempt to understand the world through the use of analysis and reductionism, but they
also argue for the need to introduce a complementary approach that employs holism and synthesis. This
can be expressed using the concept of gestalt in which the general properties ascribed to a system cannot
be identified or understood merely by studying the parts. This is sometimes expressed as a system's
emergent behaviour which can only be observed when the system is operated as a whole. A systems
approach therefore integrates concepts from many disciplines such as engineering, biology, physics,
geography, economics, sociology and political science (Beishon and Peters 1976; Skyttner 2001;
Weinberg 2001).
A number of researchers and practitioners argue for the need to take a systems approach to
address the dangers posed by natural, technological and wilful hazards (Gallopin 2006; Haimes et al.
2008b; Helbing 2010; IPET 2006; Simonovic 2011). Rasmussen (1997) discusses challenges in
developing models to analyze the performance of a total risk management system:
" For this problem, a system model cannot be built by a bottom-up aggregation of models derived
from research in the individual disciplines, but a top-down, system-oriented approach based on
control theoretic concepts is required. The reason for this is that a system is more than the sum of
its elements" (Rasmussen 1997).
Mileti (1999) addresses the issue of natural hazards mitigation in the United States. He argues that
stakeholders, researchers and practitioners should take a global systems approach in order to develop a
better understanding of the complex interactions between communities and their environments, and how
6
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these interactions can contribute to the creation of hazard, vulnerability and loss. Mileti organizes this
global context into three encompassing meta-systems: the Earth Physical System, Human and Social
Systems, and the Constructed (or Built) system. The Earth Physical System is comprised of the
lithosphere, hydrosphere, atmosphere, biosphere and cryosphere. The Human System includes the
population, culture, technology, social class, economics and politics. The Constructed System includes
buildings, roads, bridges, power and communications. For this dissertation, these three systems will be
called world systems. The three systems of interest for estimating life safety, i.e., the HAZ, CPS and
PAR systems, stem from these three parent systems and will be called Performance Modelling Systems.
A number of systems terms must be defined. The primary sources for these concepts and
definitions are: Ackoff (1976), Chrisman (1997), Dorf and Bishop (2011), Haimes (2009), Gabel and
Roberts (1973), Stengel (1994), Van Gigch (1978) and von Bertalanffy (1968). Additional citations are
provided as required. Figure 2 presents three conceptual views of a system: a static hierarchical view, a
functional view and a dynamic view that shows the system, its environment, internal states and processes.
An object is a person, thing, place or concept. Objects can be concrete or abstract, tangible or intangible.
Objects can be connected via relationships that are also concrete or abstract. These can be physical,
geographic, hierarchical, social-familial and informational-cyber (Rinaldi et al. 2001). Figure 2a shows
the concept of a systems hierarchy. A system can be decomposed into subsystems. The downwardpointing crow's feet show the concept of one-to-many. This diagram can be interpreted as follows: a
system is made up of many subsystems that are made up of many objects. Systems can also be combined
into a larger assemblage called a system-of-systems. This concept is used when the modelling entails
large scale inter-disciplinary problems with multiple, heterogeneous and distributed systems (INCOSE
2007). A CPS is an example of a system-of-systems because it can combine multiple systems such as
power, communications, transportation and first responders (e.g., police, fire, ambulance). A HAZ system
that combines cascading hazards such as an earthquake followed by tsunami followed by a nuclear
accident is also a system-of-systems. A PAR system that combines people from different countries or
from different groups within a country may also be a system-of-systems. The PAR system for a
community facing a tsunami hazard could have a system of local citizens and a system of visitors. These
two systems may behave very differently during an actual hazard event. A system has a boundary which
distinguishes it from its environment as shown in Figure 2c. The environment is the set of objects,
relationships and systems that are not part of the system. Systems can be closed or open. A closed system
has no environment and an open system does have one. Exogenous changes in an environment can cause
changes within an open system. The HAZ, CPS and PAR systems are open to each other.
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Figure 2 - Conceptual Views of a System: a) System Hierarchy, b) System Functions and Processes, c)
System Dynamics and Feedback
The second important aspect of a system is its functions and processes. INCOSE (2007) defines a
system function as: "a characteristic, task, action, or activity that must be performed to achieve a desired
outcome. A function may be accomplished by one or more system elements comprised of equipment
(hardware), software, firmware, facilities, personnel, and procedural data." Ackoff (1976) discusses how
systems can be state-maintaining (i.e., homeostatic), goal-seeking or have no goals at all. A statemaintaining system can react to changing inputs in an attempt to maintain a target state with the typical
example being a thermostat. This type of system only has a limited set of system functions and so it
cannot respond to more complex and unforeseen conditions. A goal-seeking system has a more
sophisticated set of functions and can respond to varying internal or external events. It can choose from
different alternatives in response to the inputs. For example, the general goal of a CPS is to move the
entire PAR from "in danger" to "safe" states, but it may choose to accomplish this using different means
depending upon the nature of the HAZ and PAR systems. Figure 2b shows an example of a goal-seeking
system with four functions: monitor, detect, decide and warn. These are linked into one possible process
in which the system uses all four functions to warn a community. In an alternate process, the system
might decide not to warn because an impending hazard is not dangerous. If the primary functions and
processes of a system can be identified and described then it is possible to model its possible behaviours.
This concept applies equally to systems that do not have goals such as natural hazards. Even so, it is still
possible to identify functions for the HAZ system such as: form hazard, propagate hazard and damage
community.
The third aspect of a system is its states, dynamic behaviours and interactions with other systems.
Objects, subsystems and systems have properties called attributes which describe tangible measures
(e.g., the object's age, maximum speed, community area and number of police officers) and abstract
8
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measures (e.g., degree of happiness, membership in a group). Attributes can be static or dynamic (i.e.,
time-dependent) and they can be described using a framework proposed by Stevens (1946) which
describes four measurement scales: Nominal, Ordinal, Interval and Ratio (NOIR). The nominal scale is
qualitative and may use numbers as labels (e.g., 1 = blue, 2 = cyan, 3 = red). Mathematical operations do
not apply (i.e., red z blue + cyan). The ordinal scale introduces rank ordering (e.g., the
first/second/third/etc. finishing order in a race or the Mohs scale of mineral hardness (Schumann 2008))
but statistical measures such as mean value and correlation are not meaningful. The interval scale is a
quantitative measure which allows for algebraic operations. Statistical measures such as mean and
standard deviation can be calculated from a set of observations. The ratio scale is typically encountered in
physics and allows for the numerical assessment of "equality, rank-order, equality of intervals, and
equality of ratios" (Stevens 1946).
The set of attributes that describe an object, system or subsystem at a particular moment in time is
called a state. Some of the attributes can be static and others dynamic. Dynamic attributes might represent
a continuous state change such as the varying speed of a vehicle or a discrete state change such as the
activation of a siren or a person becoming aware. Notable state changes are called initiating events and
pivotal events that occur at a moment in time. The sequence of changes in a system's state over a span of
time is called system behaviour. This is shown using the time-dependent state vector SX(t) in Figure 2c.
Systems, subsystems and objects have initial states, intermediate states and end states. The end states
of primary interest to the stakeholders are called outcomes.
Figure 2c shows three ways that a system's state can change. The first is an internal process in
which the current system state influences future states via a feedback process (Ford 1999). There is no
control function in this case. A second form of feedback can occur via system interactions which are the
flows of energy, materials and information between a system and its environment. This is shown via the
output state vector SY(t) and the external input vector IE(t). The system can affect its environment and the
environment can affect the system. These interactions may set up an external feedback process in which
system outputs cause positive or negative changes to the environment which in turn affect the inputs. The
third way that a system's behaviour can change is via an internal control process. This is shown via an
observation function SY(t)ÆSZ(t) that feeds into a system control function. The controller in this case is
an operator (person). Based upon the observed system state SZ(t) the controller can issue commands via
the controllable input vector IC(t) to modify the future system state. An example is the principal of a
school who issues instructions to evacuate schoolchildren to a nearby haven.
There is a need to develop a better understanding of the structural and dynamic properties of the
HAZ, CPS and PAR systems and their interactions with each other. This can be achieved using systems
engineering supported by systems analysis and modelling. Systems engineering is relevant here for a
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number of reasons. It provides a general philosophical approach, it provides methods and tools that can be
used to describe, analyse and model the systems and it considers the full lifecycle of the systems of
interest. INCOSE provides a definition of systems engineering:
"Systems Engineering is an interdisciplinary approach and means to enable the realization of
successful systems. It focuses on defining customer needs and required functionality early in the
development cycle, documenting requirements, and then proceeding with design synthesis and
system validation while considering the complete problem. Systems Engineering considers both
the business and the technical needs of all customers with the goal of providing a quality product
that meets the user needs" (INCOSE 2007).
They further discuss how systems engineering is holistic, interdisciplinary, social-technical and iterative,
and describe engineered systems as having a number of life stages: concept, development, production,
utilization, support and retirement. Sage and Rouse (2009) provide additional comprehensive descriptions
of the specific methods employed by systems engineers: problem formulation, system objectives, system
architecture, issue formulation, requirements analysis, functional analysis, synthesis, design, system
simulation, alternatives analysis, system development, integration, verification, validation, testing and
commissioning. Jenkins (1976) and Skyttner (2001) describe four system engineering stages: systems
analysis, systems design, implementation and operation.
Although the HAZ and PAR systems cannot be viewed as engineered systems, the methods
employed by systems engineering can still provide a basis for developing an improved understanding of
their structures, functions, processes, behaviours and interactions. Most of the systems that could
comprise a CPS system-of-systems such as power, communications and transportation are not necessarily
designed with multi-hazard risk and emergency management in mind. The primary objectives of these
systems address economic, social and efficiency requirements. This implies that one of the challenges for
CPS design will be finding ways to recruit the capabilities of these systems to support risk reduction and
emergency management, and to look for opportunities to incrementally optimize these systems to provide
improved protection to the PAR.
Systems analysis forms an important subset of the methods and tools used by systems engineers.
This is a broad term with a number of meanings. In the context of systems engineering, Blanchard (1991)
provides what he terms a "puristic" definition of systems analysis: "a separation of the whole into its
component parts, an examination of these parts and their interrelationships, and a follow-on decision
relative to a future course of action." But Blanchard also states that systems analysis is more than the
reduction of a system into its components and that the analysis can occur throughout the system lifecycle.
Simonovic (2011) defines systems analysis in the context of disaster management more broadly as "the
use of rigorous methods to help determine the preferred plans and designs for complex, often large-scale
systems." An important part of systems analysis is the development and use of system models. Law and
Kelton (2006) describe different ways to study a system such as experimenting with the actual system or
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experimenting with physical or mathematical models of the system. The types of models and methods
that can be used to model the HAZ, CPS and PAR systems will be discussed further in Section 2.5. If
valid systems models can be developed then it may be possible to not only estimate the interactions and
behaviours of the three systems but to also optimize the performance of the CPS and PAR systems for
different hazard contexts; however, this dissertation will focus on the initial problem of analysing the
systems, developing a modelling framework and developing performance measures.
The last issue to discuss here is the need to qualify, verify, validate and calibrate the HAZ, CPS
and PAR system models that are being developed and integrated. The importance of this issue has been
raised by a number of practitioners and organizations that use simulation-based methods (ANS 1987;
Balci 1998; NATO 2005b; Norton 1998; NSF 2006; Oberkampf et al. 2002; Schlesinger et al. 1979).
Figure 3 combines concepts developed by these sources. This provides a basis for validating integrated
models and submodels of the three systems of interest. Table 1 presents selected examples of
qualification, verification, validation, calibration and certification activities (Balci 1998; Christensen and
Thayer 2001; NATO 2005b; Norton et al. 1998). Starting with the left-hand side of the figure: scientists
can observe nature in order to develop general laws that are "always" valid. Through a process of
analysis, synthesis and design, these laws provide a basis for developing Formal Models that use systems
analysis to describe systems-specific environments, objects, structures, properties, states and behaviours.
As shown at right in the figure, Formal Models can be qualified against reality to ensure that it is
appropriate to use the model (Schlesinger et al. 1979). The Formal Model can also be used to guide and
verify the development of analytical and simulation models that will be used to estimate future systems
behaviours and outcomes. Once an analytical or simulation model is ready, it can be validated to ensure
that it produces realistic behaviours and outcomes. The figure and the table identify a range of techniques.
Qualification ensures that it is appropriate to use an existing model for the problem scope. Verification
ensures that the mathematical and computer models are developed and integrated correctly. Model
Validation ensures that the integrated models correctly model reality. Calibration estimates controlling
parameter values using data from past event, drills and exercises. Certification establishes that a system
meets specified quality levels (NATO 2005b; Norton 1998). For specific technological hazard contexts
such as dam and industrial plant safety, it will be particularly important that the individual and integrated
systems models used to estimate life safety have been properly qualified, verified, validated, calibrated
and certified.
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Figure 3 - Simulation Model Verification and Validation (adapted from Schlesinger et al. 1979). ©1979 Sage Science Press - UK. Used with permission.
Table 1 – Examples of Methods to Qualify, Verify, Validate, Calibrate and Certify System Models
Activity
Qualify
Verify

Validate

Calibrate

Peer Review /
Certify

Method
Functional and Data
Review
Inspection
Testing
Face Validity
Critical
Analysis
Compare with known
outcomes
Compare with
experimental data
Use known historic
events
Use drills and exercises
Use known system
properties
Independent
Assessment

Description
Confirm that the model has the necessary functions and data types
required to support the modelling requirements.
Inspect the model logic.
Test functions, data and behaviours at the object, subsystem and
system levels.
View and assess whether the macro-resolution model behaviours
appear to be generally valid.
Conduct logical critique of the model framework, its equations and
algorithms.
Set up known initial conditions for the model. Compare expected
outcomes with model estimates.
Test specific subsets of functions against known outcomes, e.g.
local evacuations, tests of structures in flumes.
Estimate controlling parameters using known historic event
behaviours and outcomes.
Run field exercises to develop parameter values, e.g., for
evacuation
Estimate controlling parameters using known properties of the
systems.
Perform independent third party review of the overall validity of
the modelling framework and/or the system/subsystem/etc.
models.
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2.2

Hazards and Vulnerabilities
The starting point for describing the life safety estimation problem is a discussion of hazards and

vulnerabilities. A hazard can be defined as: "a source of danger or an extreme event that has the potential
to affect people, property and the natural environment at a given location" (Lindell et al. 2007). Smith and
Petley (2009) define a hazard as a "naturally occurring or human-induced process, or event, with the
potential to create loss." UNISDR (2009) similarly considers the form of the hazard, i.e., "a dangerous
phenomenon, substance, human activity, or condition," and the possible consequences that can include
loss of life, injury and property, social and economic, and environmental damage. Communities can be
threatened by three classes of hazard: natural, technological and wilful (Lindell et al. 2007; NRC 2006).
Natural hazards can be produced by geological, meteorological, oceanic, hydrological and biological
processes (Abbott 2008; Alexander 2002; Smith and Petley 2009). The natural hazards of interest for this
work are: tsunami, storm surge caused by tropical cyclones, lahar mudflows caused by volcanic eruptions,
flash flood and urban-wildland interface fire. Technological hazards relate to the failure of human-made
systems. These can be organized into industrial, pipeline, transport and structural groupings (Alexander
2002; Smith and Petley 2009). Examples of hazard events include explosion, fire, accidental release or
spill of a damaging or toxic substance and structural failure. The specific technological hazards of interest
here are the failure of water control structures such as dams and dikes, the release of dangerous materials
from nuclear plants, refineries, pipelines and storage facilities. Wilful hazards are human-caused events.
These are grouped here into terrorist incidents and crowd incidents (Alexander 2002; Lindell et al. 2007;
NRC 2006). Terrorist incidents include the use of explosive and incendiary devices, chemical, biological
or radiological threats, hostage taking and hijacking. Crowd incidents include riots, demonstrations and
stampedes in large structures, stadia or open areas such as fairgrounds. Human-caused hazards that are
due to the mis-operation of a facility without any ill intent (Perrow 1984; Perrow 2007; Pidgeon and
O'Leary 2000; Vaughan 1996) are included with technological hazards. Combination hazards can also be
observed: e.g., an earthquake followed by a tsunami followed by a nuclear plant accident (Gonzalez et al.
2007; MCEER 2011a). Many observers of technological systems failures express disbelief after the fact
(IPET 2006; Perrow 1984; Perrow 2007; Vaughan 1996). Kates and Kasperson (1983) note that
technological hazards can "transcend the realm of ordinary experience and require expert study."
Hazards can be characterized along a number of dimensions including: frequency of occurrence,
predictability, detectability, magnitude, type and volume of physical or hazardous products, intensity,
areal extent of impact zone, rate of onset, controllability, duration and the degree of damage, morbidity
and lethality (Alexander 1991; Hogan and Burstein 2007; NRC 2006a; Smith and Petley 2009). Hazard
magnitude and hazard intensity are important for characterizing the potential to cause damage and loss.
Abbott (2008) observes that natural disasters are caused by the release of concentrated energy and that
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this energy can be transferred via the atmosphere, hydrosphere or lithosphere. A natural hazard may also
induce the transport of materials that cause physical damage such as floodwaters, mudflows and entrained
debris. Technological hazards may also release damaging energy, but the primary danger is typically due
to the dispersion of chemical, biological or nuclear materials and agents within the community at risk
(Alexander 2002; Lindell et al. 2007; Smith and Petley 2009).
The terms hazard magnitude and hazard intensity will be used here to describe the physical
properties of a hazard at its source and the hazard properties as experienced by the people and other items
at risk at their locations, respectively. Abbott (2008) discusses the Moment Magnitude Scale which
describes the energy released at an earthquake's source location and also the Modified Mercalli Intensity
scale which uses a twelve point scale to assign a local intensity measure based upon the ground shaking
felt by local residents and the degree of structural damage.
A useful conceptual framework that describes how a hazard can affect a community is the
Source-Pathway-Receptor model (Environment Agency 2004; Green et al. 2000; Merz et al. 2010).
Starting from a hazard source zone, a hazard's energy or hazardous materials can be conveyed along one
or more pathways to receptors within the community. The pathway is the physical route taken by the
hazard from the source zone to the community. The pathway and speed of progression of the hazard can
be influenced by local topographic and bathymetric features and meteorological factors. Receptors can
include people, buildings and CI such as transport and communications systems and facilities. The energy
or hazardous materials move along the pathway via a hazard transport mechanism such as shockwaves,
flows, slides, bore-like waves and plumes (George and LeVeque 2006; Hanna et al. 2009; Kim et al.
2006; LeVeque et al. 2010; Sarkar and Abbasi 2006; Sugiyama et al. 2010; Valiani et al. 2002). Some
transport processes are more predictable (e.g., tsunami wave propagation and landslides (LeVeque et al.
2010)) while others can be more chaotic because local meteorological conditions such as temperature,
wind direction and humidity can influence the plume's progression (e.g., forest fires (Rothermel 1972;
Turcotte et al. 2002)). Significant variations in hazard intensity may be observed across relatively short
distances within the impact zone. A hazard may pass through the community as a single pulse or as a train
of pulses. Multiple hazard plumes may be released simultaneously or with some time differences (e.g.,
multiple breaches of a diking system or multiple releases of toxic materials from an industrial facility).
There may also be combinations of cascading hazards. For example, the primary hazard could be an
earthquake followed by a secondary tsunami hazard followed by a tertiary nuclear hazard.
UNISDR (2009) define vulnerability as "[t]he characteristics and circumstances of a community,
system or asset that make it susceptible to the damaging effects of a hazard." Developing definitions of
vulnerability for use in quantitative methods can be a challenge. Proske (2008) identifies twenty-three,
O'Brien et al. (2007) identify eleven and Guillaumont and Simonet (2011) identify eight definitions of
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vulnerability. These definitions have common aspects and important differences. For example, some
focus on individuals, social groups and economic groups, while others consider whole systems,
communities and societies. Some describe vulnerability in the context of long-term or short-term
processes as a measure of human welfare or as a measure of differential vulnerabilities between
subgroups. It is also possible to discuss vulnerability in the context of longer-term social, political,
economic and global environmental processes that may contribute to the creation of vulnerability (Adger
2006; Turner et al. 2003; Wisner et al. 2004).
Cutter et al. (2008) identify four elements that can be found in most definitions of vulnerability:
1) examination of vulnerability from a social-ecological perspective, 2) place-based factors, 3)
vulnerability as an equity or human-rights issue and 4) using vulnerability assessment to identify hazard
impact zones. UNISDR (2009) discuss how physical, social, economic and environmental factors can
increase vulnerability. Lindell et al. (2007) provide a definition for community vulnerability that
considers three pre-impact conditions: hazard exposure, physical vulnerability and social vulnerability.
Physical vulnerability is created by the presence of people, structures and other assets in the hazard
impact zone. The Heinz Center (2002) discusses social vulnerability factors that may contribute to
increasing or decreasing vulnerability to coastal hazards that include: socio-economic status, gender, age,
occupation and health status. The USGS has published a number of studies that use Geographic
Information Systems (GIS) to estimate community vulnerability to lahar and tsunami in the U.S. Pacific
Northwest (Wood 2007; Wood et al. 2002; Wood and Soulard 2008; Wood and Soulard 2009).
Although residents, workers and visitors can be vulnerable to a range of possible hazard events
not all citizens are necessarily in peril for all events. Different hazard magnitudes can produce hazard
impact zones of varying sizes which in turn can affect smaller or larger populations. This variability can
be described using the concept of hazard exposure. Lindell et al. (2007) define hazard exposure as
"living, working or being in places that can be affected by hazard impacts." UNISDR (2009) use a
broader definition: "People, property, systems, or other elements present in hazard zones and are thereby
subject to potential losses." These exposures can also be described as the countable and reportable
elements of a quantitative risk assessment. Both definitions are similar to Cutter et al.'s (2000) description
of place vulnerability which considers biophysical vulnerability (i.e., geographic and hazard properties)
in combination with social vulnerability for places such as homes, neighbourhoods or towns. Gonzalez et
al. (2001; 2005) stress the importance of site-specific assessments of vulnerability, exposures and impacts
for tsunami hazard. The key message is the need to study and understand the problem at the local
community and neighbourhood scales, taking account of subgroups that may be more susceptible to harm.
An important subset of this problem space is communities that can be affected by rapid-onset,
high-intensity (ROHI) hazards. A rapid-onset condition can be created when a hazard is difficult to
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detect, when a hazard forms rapidly, or when a hazard progresses quickly towards the community at risk.
ROHI hazards pose a special challenge because they can arrive before an event can be detected and
response systems activated, or before people can mobilize and take protective action. Community
characteristics may also contribute to the creation of a rapid-onset condition due to high population
density, slow responses to warnings, or the limited capacity of evacuation routes that reduce evacuation
effectiveness and increase loss of life. The capacity of the community and the capabilities of the
emergency managers can also play an important role in determining whether an event is rapid-onset. The
time required by managers and technical teams to confirm that an event is in progress and to issue a
warning may contribute to shortfalls in available time. "High-Intensity" describes situations in which the
hazard is strong enough to cause infrastructure damage and loss of life within the hazard impact zone, or
the chemical/biological agents are sufficiently dangerous to cause losses.
A schematic representation of these terms is provided in Figure 4. The hazard onset speeds are
grouped into slow, rapid or extreme and the hazard's intensity as low, high or extreme. A set of hazard
types can then be placed within this domain as a function of their properties. A no-damage/minimaldamage band could be shown along the bottom for situations in which a hazard event is not sufficiently
intense to cause injuries or loss of life. The research scope is shown in the hatched area in the centre of
the chart and various hazard types are added for discussion purposes.

Hazard
Intensity
Extreme

Bolide

Pandemic

High

Low

Volcanic
Eruption
Hurricane /
Cyclone

Storm
Surge

River
Flood

Slow

Tsunami

Research
Scope

Tornado
Landslide

Volcanic
Lahar

Dam
Failure
Interface
Fire

Earthquake

Tunnel
Fire

Levee
Failure

Rapid

Gas Leak
Explosion
No or minimal Life
Safety Hazard

Extreme

Hazard
Onset Speed

Figure 4 - Research Focus: Rapid-Onset, High-Intensity Hazards
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2.3

Emergencies, Disasters and Consequences
Lindell et al. (2007) provide two definitions for emergency. The first encompasses routine minor

events that cause few casualties and limited property damage. These can be handled by first responders.
The second definition describes events in which the potential consequences are much greater than routine
events and prompt, coordinated action is required. The United Nations International Strategy for Disaster
Reduction (UNISDR (2009)) emphasize the importance of timely response: "A crisis or emergency is a
threatening condition that requires urgent action. Effective emergency action can avoid the escalation of
an event into a disaster."
Three definitions of disaster are considered here. UNISDR (2009) define a disaster as "a serious
disruption of the functioning of a community or a society involving widespread human, material,
economic or environmental losses and impacts, which exceeds the ability of the affected community or
society to cope using its own resources." Smith and Petley (2009) consider the concentration of a hazard's
energy in time and space, the possibility of widespread impacts and the exceedance of a community's
capacity to respond. A third definition is drawn from the Centre for Research on the Epidemiology of
Disasters (CRED) which maintains an online database of disaster losses. CRED defines four criteria
which must be met individually or in combination for an event to be classified as a disaster: ten or more
people reported killed; one hundred or more people affected; a declaration of a state of emergency; or a
call for international assistance (Guha-Sapir et al. 2003). This emphasizes the extremity of the hazard
intensity, the possible exceedance of the community's capacity to respond, widespread impacts in many
different forms and extreme consequences.
A consequence is defined by the OED (2011) as "a result or effect, typically one that is
unwelcome or unpleasant." This will be used here as an all-encompassing term for all possible impacts on
the population, infrastructure, social assets, economy and environment. Given the breadth of possible
impacts it can be useful to develop a consequences schema that provides a hierarchical representation of
consequence categories, consequences and consequence attributes (Hartford and Baecher 2004).
Alexander (1991) describes possible impacts of natural hazards on people and their livelihoods. This
includes: mortality (death), morbidity (injury), homelessness and unemployment. Jonkman et al. (2008a)
organize flood impacts into direct versus indirect and tangible versus intangible losses. Examples of direct
tangible losses include the loss of residences, impacts on roads, utilities and communications and business
interruptions. Intangible losses include fatalities, injuries and social disruption. Eguchi and Seligson
(2008) discuss the approach used by the HAZUS loss estimation model (FEMA 1999a) to develop
regional loss estimates for earthquake events. Damage is divided into direct physical and induced physical
damage, and losses are divided into direct social, direct economic and indirect economic losses. Hartford
and Baecher (2004) provide a schema for assessing dam failure using three themes: public safety,
17

2 Literature Review and Synthesis
economic loss and environmental loss. Similar to the first three schemas, the public safety impacts for
dam failures consider deaths, injuries and illnesses.
The collection of all individuals at risk within the community can be called a Population at Risk
(PAR), an individual at risk can be called a Person at Risk - Unit (PARU) and a group of individuals at
risk can be called a Population at Risk - Group (PARG) (Johnstone et al. 2005). The primary disaster
impacts of interest in this dissertation are life safety consequences for the PAR. Alexander (2002) notes
that mortality and morbidity typologies can vary greatly between hazard types. Examples of mortality
types include: general trauma, crush injuries, contusions, loss of blood, drowning, burns, toxic shock and
suffocation. The range of morbidity (i.e., injury) types can also be very broad. The Abbreviated Injury
Scale from the American Association for Automotive Medicine lists approximately 1,300 injury types
and six severity levels (AAAM 2005; MMC 2005). The US Center for Disease Control and Prevention
(CDC 2008) uses an approach that defines five general classes which further subdivide into 51 morbidity
types and 142 subtypes. Table 2 presents consequence scales that focus on morbidity and mortality. The
first scale is used by HAZUS (FEMA 1999a) which identifies four degrees of severity. The second scale
is from triage tags used by field medical personnel to record their assessment of disaster victims during an
actual response.
Table 2 - Examples of Combined Human Mortality/Morbidity Scales
(1) Injury Classification Scale Used by HAZUS
(from FEMA 1999a)
Value
Description
Severity 4
Instantaneously killed or mortally injured.

Severity 3

Severity 2

Severity 1

Injury poses an immediate life threatening
condition if not treated adequately and
expeditiously.
Injury requires a greater degree of medical
care and hospitalization, but not expected to
progress to a life threatening status.
Injury requires basic medical aid without
hospitalization.

(2) Triage Tag
(from Alexander 2002; Reisner 2006)
Section
Description
Black
Deceased
Blue
Expectant: Fatally injured. No or
small chance of survival.
Red
Immediate: Life threatening. Most
serious and urgent. Will deteriorate
without immediate medical aid.
Yellow
Delayed: Non-life threatening
injuries are serious, but can wait for
up to 6-12 hours for treatment.
Green
Minor: Walking wounded. Transport
to secondary treatment centers.

This dissertation will focus on the estimation of mortality and survival outcomes for each
individual (PARU). This will be called Loss of Life (LOL). The more challenging problem of also
estimating injuries will be left to future work. Table 3 presents two examples of consequence scales that
consider magnitudes of mortality and economic loss. The first presents a seven-point scale used by
Munich Reinsurance (2006) to classify natural disasters recorded in their Natural Catastrophes database.
In column [2] breakpoints are defined for loss of life at 1, 10, 20, 100 and 500 fatalities. A "catastrophe"
is an event with loss of life greater than twenty people. Values for economic loss are provided in column
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[3]. The second example considers dam safety guidelines developed by the Canadian Dam Association
(CDA) "to provide guidance on the standard of care expected of dam owners and designers" (CDA 2007).
This scale uses three breakpoints for event mortality at 1, 10 and 100 fatalities (column [5]). The CDA
guidelines also provide criteria for environmental-cultural and infrastructure-economic impacts but they
do not provide quantitative breakpoints. While these consequence scales provide stakeholders with a
mechanism to express the degree of danger or actual loss they cannot help stakeholders assess the
effectiveness of CPS because they do not include estimates of uncertainty or reliability and they only
quantify consequences for whole communities as a single number.
Table 3 - Examples of Quantitative Consequences Scales
(1) Munich Reinsurance Consequence Scale
(from Munich Reinsurance 2006)
Category
Fatalities
Economic Loss
(2005 $)
[1]
[2]
[3]
0 - Natural Event
0
1 - Small-Scale Loss Event
1 to 9
2 - Moderate Loss Event
10 to 19
3 - Severe Catastrophe
20 to 99
> US$ 50m
4 - Major Catastrophe
100 to 499
> US$ 200m
5 - Devastating Catastrophe
500+
> US$ 500m
6 - Great Natural Catastrophe
Thousands
Extreme

2.4

(2) Dam Safety Guidelines
(from CDA 2007)
Dam
Loss of
Classification
Life
[4]
[5]
Low
0
High
1 to 10
Very High
11 to 100
Extreme

100+

Stakeholder Processes and Systems
Many different stakeholders have interests in the possible effects of an extreme hazard. Table 4

identifies stakeholder groups, typical organizations which might belong to each group and the roles or
individuals who might participate from each organization. Six groups are shown: government, community
at risk, technological hazard, infrastructure, insurance and expertise. Government includes federal and
state/provincial/regional departments and agencies. The services that could be offered include providing
advice on natural hazards and daily operational inputs such as river levels and weather forecasts. The
community at risk group includes the local government, citizens, businesses and volunteer groups.
Important community subgroups are the first responders and field crews. The infrastructure group
includes both critical and social infrastructure organizations. The last group includes organizations that
operate a facility or structure that provides some form of economic benefit but which may also pose a
technological hazard (e.g., a refinery, port facility or airport). Stakeholders develop processes in order to
address the dangers posed by hazards. A process is a "continuous and regular action or succession of
actions occurring or performed in a definite manner, and having a particular result or outcome" (OED
2011). The stakeholder processes of interest here are organized in four groups: general processes,
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lifecycle asset management processes, risk management processes, and emergency management and
disaster management processes. These are discussed below.
Table 4 - Typical Stakeholder Groups, Organizations and Roles
Group
Government

Organizations
Federal Government
State / Provincial Government

Community
at Risk

Community
Citizen, Group
Business
Facility or Operations

Technological
Hazard Source
Infrastructure

Critical and Social Infrastructure

Insurance
Expertise

Insurer, Reinsurer
Universities, Consulting Firms, Agencies

2.4.1

Role or Individual
Policy, Regulator, Services
Policy, Regulator, Services, Emergency
Management Organization
Mayor / Leader, Emergency Manager, First
Responders, Field Managers and Crews
People at Risk, Special Needs Groups, NonGovernmental Organization
Owner, Emergency Manager, Staff
Facility Manager, Emergency Manager,
Facility Operator, Field Manager, Crews
Facility Manager, Emergency Manager,
Facility Operator, Field Manager, Crews
Analyst, Adjuster
Researcher, Consultant, Specialist

General Processes
Two general process models are discussed here: the disaster cycle and disaster phases. The first

general process is shown in Figure 5. It has variously been called the hazard cycle (National Governors'
Association 1979; Tierney et al. 2001) the four pillars (Etkin et al. 2004), the safety chain (Van Leussen
2008; ten Brinke et al. 2008) and the four-phase disaster cycle (Alexander 2002; Godschalk 2011). It is
one of the most widely-used stakeholder models. It assumes that communities can experience disasters on
a repetitive basis and that they can undertake activities before a hazard event to reduce impacts and after
an event to rebuild in a manner that might reduce future losses.

After
the
Event

RECOVERY

MITIGATION

RESPONSE PREPARATION

Before
the
Event

Hazard
Impact

Figure 5 - The Disaster Cycle
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The model has four phases: mitigation, preparation, response and recovery. Mitigation lessens or
limits the negative impacts of hazards (UNISDR 2009). This includes actions undertaken to reduce the
impact of future disasters. Mileti (1999) observes that there are hundreds of mitigations that a community
can take to reduce losses and provides a typology of tools for sustainable mitigation of natural hazards:
land use planning and management; building codes and standards; insurance; prediction, forecast and
warning; and engineering. Preparation encompasses actions that can be taken before an event such as
emergency planning, public education and drills, and actions taken when a hazard event is imminent such
as mobilizing first responders and utility crews, and using the media to raise public awareness. Response
includes emergency actions taken during the impact of a disaster and in the short-term aftermath.
Activities can include: emergency assessment, hazard operations, population protection and incident
management (Lindell et al. 2007). Recovery encompasses: near-term activities such as utility restoration
and search and rescue; medium-term actions such as providing relief, shelter and major utility restoration;
and longer-term activities such as reconstruction and community development (Smith and Petley 2009).
The second general process model is described by Tierney et al. (2001) and NRC (2006). They
divide time into pre-impact, trans-impact and post-impact disaster phases (Figure 6). Topics similar to
the disaster cycle are associated with each phase. Time has two forms: chronological time is linear and
unidirectional and social time is linear, nonlinear and sometimes cyclical. Chronological time might
represent the views taken by those who plan for and manage response to disasters whereas social time can
provide a longer-term context for thinking about hazards, vulnerability and mitigation before and after a
disaster event. The figure also shows the concepts of hazards research, which focuses on hazard
vulnerability, hazard mitigation and emergency preparedness and disaster research, which focuses on
emergency preparedness, response and recovery.
Chronological Time
Pre-Impact
"Before the Event"

Trans-Impact
"During the Event"

Post-Impact
"After the Event"

Hazards Research
Hazard
Vulnerability
Hazard
Mitigation

Disaster Research
Emergency
Preparedness

Emergency
Response

Disaster
Recovery

Social
Time

Figure 6 - Disaster Phases (adapted from NRC 2006). ©2006 The National Academies Press. Used with
permission.
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Two additional terms can be considered. The first is adaptation which is defined by UNISDR
(2009) as the adjustments in natural or human systems made in response to actual or expected climatic
changes or their effects. FAO (2008) define mitigation as actions that attempt to reduce the sources of
greenhouse gasses or to enhance the sinks and adaptation actions that attempt to modify the affected
human and natural systems. This suggests that mitigations attempt to reduce hazard losses without
making fundamental changes to the community whereas adaptations require more extensive changes.
Community adaptation could encompass major changes to land use, relocating neighbourhoods and
moving important assets such as hospitals and retirement homes. The construction of tsunami walls is
therefore a mitigation that does not require fundamental changes to the towns they protect whereas the
possible abandonment of traditional homelands by the Anasazi people of the North American Southwest
in the 12th and 13th centuries would be interpreted here an adaptation to an extended drought (Fagan
1999). Preventions are actions taken in the pre-impact phase that can stop a hazard from occurring at all.
The term has been in use for many years (e.g., crime prevention, building fire prevention, forest fire
prevention, disease prevention). Here the term generally applies to most technological and wilful hazards
(DHS 2008; DHS 2009) and to some of the natural ROHI hazards such as forest fires. This activity is a
major focus of CI asset management processes which are discussed in the next section.
The disaster cycle and disaster phases models provide useful concepts for developing the Life
Safety Measures and the system modelling framework. They can be used to identify possible activities
and functions undertaken by a CPS and chronological time will be used to describe event and activity
sequences that can occur during the trans-impact phase. The cyclical concepts acknowledge the longerterm timeframes within which a CPS can be studied, planned and implemented before an actual ROHI
hazard event. Defining when the pre-impact phase ends and the trans-impact phase begins is also
important because it identifies the earliest moments when a CPS might be able to engage a progressing
hazard event.
2.4.2

Lifecycle Asset Management of Critical and Social Infrastructures
Chapter 1 describes how CI and SI systems form an important part of a CPS. This section defines

CI in more detail, describes how they can be established through a lifecycle asset management process
and discusses how these concepts may apply to SI systems. The lifecycle in this case refers to the full
spectrum of activities for a system starting with the identification of a need and passing through all of the
stages of design, development, manufacturing or construction, operations, sustainment and
decommissioning or phase-out (Blanchard and Fabrycky 2010).
The term infrastructure may have originated in France in the early 20th Century to describe
military assets (Petroski 2009). The related term public works first appears in a 1981 report published in
the U.S.A. (Choate and Walter 1981) and a 1988 report identifies eight categories: highways, mass transit,
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aviation, water resources, water supply, wastewater, solid waste and hazardous waste (National Council
on Public Works Improvement 1988). A 1997 US President's Commission on Critical Infrastructure
Protection (PCCIP) defined critical infrastructure (CI) as" a network of independent, mostly privatelyowned, man-made systems and processes that function collaboratively and synergistically to produce and
distribute a continuous flow of essential goods and services" (PCCIP 1997). In 1998, the American
Society of Civil Engineering issued its first "Report Card for America's Infrastructure," with updates in
2001, 2003, 2005 and 2009 (ASCE 2009b). A primary intent of these reports was to raise public
awareness of the status of public infrastructure and the need for continuing investment to restore existing
infrastructure (ASCE 2009a). The parallel use of the term lifeline appears to have started in the U.S.A.
after the 1971 San Fernando earthquake (ALA 2011; Honegger et al. 2003). These linear assets
encompass a subset of CI that includes roads, railroads, electrical power, water, wastewater, pipelines and
waterways (Taylor and VanMarke 2002); however, the term lifeline is problematic because CI assets such
as airports, dams and power stations are nodes in these networks. The all-encompassing term CI will be
used here instead.
Work is currently ongoing to develop data models that provide a comprehensive and detailed
inventory of CI. Terner et al. (2003) provide detailed examples of CI datasets developed for the Boston
Preparedness Pilot Project. DHS (2004) similarly provide a comprehensive assessment of user needs for
CI data. Goodchild and Church (2002) discuss stakeholder needs for CI data in the transport sector.
Marshall (2007) provides examples of system architectures, operational nodes and requirements for
command, control and coordination in large-scale emergency response. NRC (2007) discuss how
geospatial technologies can be used to manage, share and analyse CI datasets in support of disaster
management. Willingham (2008) argues for the need to share CI data between stakeholders at a regional
level in order to improve regional resilience to disasters. Luiijf and Klaver (2005) identify the need to
increase general awareness about how CI data can support civil emergency planning, increase situational
awareness, reduce the chance for escalation from emergencies to crises and reduce consequences. Smith
(2008) discusses a 10-sector CI data model developed by DHS/FEMA (DHS 2004; DHS 2006). Lafond
et al. (2008) discuss the uses of this data model in Canada. Table 5 presents an extended version of a CI
data model developed for the Government of British Columbia. It builds on the earlier work and identifies
ten CI sectors, fifty-three subsectors and three-hundred and sixty-nine CI asset types. While the current
model does not define the physical, virtual and cyber linkages between the asset types and does not
describe the CI services that are used by the CPS and the PAR, it can still support the development of the
CPS systems models.
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Table 5 –CI Sectors and Subsectors (from Johnstone and Clark 2009)
1 - Energy and Utilities
1.01 - Electric – Generation
1.02 - Electric – Transmission
1.03 - Electric – Distribution
1.04 - Natural Gas – Extraction
1.05 - Natural Gas – Transmission
1.06 - Natural Gas – Distribution
1.07 - Oil & Gas – Extraction
1.08 - Oil & Gas – Transmission
1.09 - Oil & Gas – Distribution
1.10 - Liquid Propane Gas
1.11 - Nuclear
1.12 - Coal
1.13 - Ethanol
1.14 - Steam
2 - Communications &
Information Technology
2.01 - Communications
2.02 - Internet

3 – Manufacturing & Services
3.01 - Chemical
3.02 - Defence
3.03 - Asphalt
3.04 - Concrete
3.05 - Forestry
3.06 - Mining
3.07 - Metal
3.08 - Manufacturing
4 - Finance
4.01 - Banks & Credit Unions
4.02 - Insurance
4.03 - Securities Exchange
4.04 - Sector Support
5 - Health Care
5.01 - Acute Care
5.02 - Primary Care
5.03 - Community Care
5.04 - Public Health
5.05 - Support Services
6 - Food
6.01 - Agriculture
6.02 - Processing
6.03 – Distribution

7 - Water & Waste
7.01 - Water Supply & Distribution
7.02 - Waste Water Management
7.03 - Drainage
7.04 - Solid Waste Management
8 - Transportation
8.01 - Roads
8.02 - Rail
8.03 - Rapid Transit
8.04 - Ports & Harbours
8.05 - Air
9 - Safety & Public Protection
9.01 - Police
9.02 - Fire
9.03 - Ambulance Service
9.04 - Emergency Facility
9.05 - Other
10 - Government
10.01 - Municipal
10.02 - Provincial
10.03 - Federal

CI assets are funded, built and maintained by the stakeholders. The lifecycle for a CI asset can be
divided into the following phases: preliminary studies, feasibility studies, design, construction,
commissioning and operations (Goodman and Hastak 2006; Johnstone and Clark 2009; Pakkala 2002;
Pakkala et al. 2007). Once an asset is operational an asset maintenance process can be followed that
includes monitoring, inspection and repair activities. Many of the stakeholders listed in Table 4 play an
important role in the asset lifecycle. Depending upon the size and cost of a technological asset, the
preliminary study and feasibility phases may require years of iterations through planning, financial and
environmental review processes. Once the CI assets are established they can be kept in service for many
decades. Technological improvements or new insights gained from the operation of other CI facilities can
generate opportunities for upgrades or retrofits. As a CI asset reaches the end of its design life it may not
be possible to maintain the desired level of service and new technologies can create opportunities to
replace older systems. If a CI asset cannot be repaired or upgraded it might be decommissioned or
abandoned in place. If a ROHI hazard has caused catastrophic community losses, the stakeholders may
initiate a multi-phase process to re-build the damaged CI. Kates et al. (2006) and Smith and Petley (2009)
discuss how the durations of multi-phase restoration and reconstruction processes can extend from a few
months to many years or even decades.
Although the CI concept encompasses the majority of systems that could form a part of the CPS
they are not the only systems that can provide protective services to the PAR. The SI concept may also
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have value here in defining the capabilities of a CPS. Within the limited context of providing support to
children and families in British Columbia, Baker (2006) defines SI as a "system of services and
programs" that provides basic housing, food security, health, education, income security and social and
cultural well-being. Casey (2005) defines SI as a combination of soft and hard services that "enhance the
social capacity of communities" and that include health, education, arts and culture, housing, emergency
services and public transport. Roe (2004) discusses the concept social capital that includes civic
engagement, social networks, interpersonal trust, effective collective action and individual and social
benefits. Wisner (2003) provides what he terms a conventional definition that relates social capital to
access to resources and access to information due to social relations with other people that is based on
kinship, friendship and shared hometowns. He also gives a second definition which considers the role of
institutions such as Non-Governmental Organizations and Citizen-Based Organizations. NRC (2006)
discuss how the social capital of a community's capacity to resist disaster can be a function of horizontal
and vertical integration of these community social units. This concept could also encompass resources
and services provided by local businesses, individual volunteers and Emergency Social Services
organizations (JIBC 2002; Lindell et al. 2007). In British Columbia, Emergency Social Services
volunteers work at the community level to prepare for disaster response and to provide relief. Tierney et
al. (2001) discuss how Emergent Multi-Organizational Networks can form to provide services during a
crisis or disaster that are comprised of hundreds or even thousands of interacting entities, some of whom
were not identified during pre-impact emergency planning. NRC (2006) identify the need to develop
methods to measure social capital.
The SI and social capital concepts clearly overlap some of the CI sectors such as health,
education, family services and public transport, but there are also many SI elements that are not included
in the CI data models. Since the methods being developed here are based on analytical and simulationbased methods, the challenge for the social scientists is to characterize SI in a form that can be
incorporated into the life safety analysis and used to estimate the contribution of SI to life safety.
2.4.3

Risk Management
Risk management is the process undertaken by stakeholders to identify, assess and control the

dangers posed to a community by various hazard types. The process of risk management is a very broad
topic that is discussed by many sources for many different contexts worldwide (Ale 1991; ANCOLD
2003; Ayyub 2003; Baecher et al. 2000; Ball and Floyd 1998; Bier et al. 2004; DEFRA 2003; FAA 2006;
FEMA 2008c; Frantzich 1998; Gadd et al. 2003; Garrick et al. 2008; Haimes 2009; Hartford and Baecher
2004; HSE 2009; Jonkman et al. 2003; McDaniels and Small 2004; NASA 2010; NRC 1962; Proske
2008; Rasmussen 1997; Slovic et al. 2005; Taylor and VanMarke 2006; USACE 2010b; USBR 2011;
Vrijling et al. 2005; Wisner et al. 2004). Proske (2008) identifies eight different viewpoints of risk that
25

2 Literature Review and Synthesis
can be taken by stakeholders: insurance-statistical, toxicological-epidemiological, engineering-technical,
geographic-spatial, economic, psychological, social and cultural. These viewpoints can be grouped here
into two types. The first four can be associated with a quantitative-probabilistic school. The last three can
be associated with a subjective-risk perception school. Economics probably belongs to both schools.
UNISDR (2009) define risk management as "the systematic approach and practice of managing
uncertainty to minimize potential harm and loss." A number of different frameworks describe the risk
management process (CSA 1991; Hartford and Baecher 2004; HSE 2001; HSE 2006; USACE 2010b;
USBR 2003a; USBR 2011). Here the risk management process will be divided into three primary
activities: risk assessment, risk control and post-event forensic analysis. Risk assessment is "the process
of making a decision recommendation on whether existing risks are tolerable and present risk control
measures are adequate and if not, whether alternative risk control measures are justified" (Hartford and
Baecher 2004). The process has been used to address a number of problem domains that include nuclear
power plant safety (Rasumussen 1975), dam safety (Hartford and Baecher 2004; Vick 2002), vessel
accidents and spills (TRB 2008), air transport safety (Ale et al. 2009; Roelen 2008), hurricane protection
(Ayyub et al. 2009a; Ayyub et al. 2009b; IPET 2006) and space mission safety (NASA 2002).
Risk assessment can be divided into two main activities: risk analysis and risk evaluation. Risk
analysis can include a number of steps: scope definition, hazard identification and analysis, vulnerability
and

exposure

estimation,

loss

estimation,

sensitivity

analysis,

uncertainty

characterization,

documentation, independent review and risk communication (Hartford and Baecher 2004; Johnstone and
Lence 2009; TRB 2008). Hartford and Baecher (2004) define risk evaluation as "the process of
understanding and judging the significance of risk" and state that "the principal role of risk evaluation in
risk assessment is the generation of decision guidance against which the results of the risk analysis can be
assessed." Risk evaluation uses the outputs of risk analysis in the context of a multi-objective decision
framework that includes safety management principles and performance goals.
The stakeholders must bring their political, societal and personal values to the risk evaluation
process in order to provide a basis for deciding whether or not the risk is acceptable and whether
additional risk controls are required. An important deliverable in this process is the safety case. This
approach is used in the regulation of nuclear, offshore, chemical and railway facilities in the United
Kingdom (Gadd et al. 2003; HSE 2005a; HSE 2005b). The concept is also finding applications in other
domains such as mining safety (Joy and Griffiths 2005) and dam safety (Hartford and Baecher 2004). In
the context of offshore installations the UK Health and Safety Executive (HSE 2005a) defines the safety
case as "a document that gives confidence to both the duty holder and HSE that the duty holder has the
ability and means to control major accident risks effectively." Kelly (2003) states that a safety case should
"communicate a clear, comprehensive and defensible argument that a system is acceptably safe to operate
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in a particular context." Hartford and Baecher (2004) describe the content that should be included in
safety cases for dams as: the issues addressed, the nature of the risk and uncertainties, comparison with
well-established practices, nature and full scope of the consequences, options to manage or control the
risk, preferred course of action, description of risk mitigations, identification of any risk trading and a
summary of public consultations and how issues have been addressed. In the context of dam safety
Hartford (2007) notes that the determination of whether a dam is "safe enough" is fundamentally political
and not a matter for engineers to decide.
Risk control is the process followed by the stakeholders to reduce the likelihood of a hazard
event and to minimize the potential for loss. This process is sometimes referred to as risk management but
this term has already been used here to describe the general process that spans all three of the disaster
phases shown in Figure 6. The steps that can be taken in risk control include: identification of possible
measures such as structural mitigations and non-structural community preparedness, analysis of the
potential effectiveness of these measures, the selection and implementation of those measures and the
ongoing monitoring and review of those measures (Hartford and Baecher 2004; TRB 2008; USACE
2010b). Given that the implementation of risk controls can modify an existing CPS, there is a need to
distinguish between different types of CPSs. A baseline CPS is an existing CPS that has not been
modified or improved, a proposed CPS is a system that could be developed through the implementation
of proposed risk controls and an enhanced CPS is the new system once the new controls are in place.
Stakeholders will propose to enhance a baseline CPS.
Once the new controls are implemented and the enhanced CPS is established there will always be
a remaining level of risk. UNISDR (2009) defines residual risk as "[t]he risk that remains in unmanaged
form, even when effective disaster risk reduction measures are in place, and for which emergency
response and recovery capacities must be maintained." Interim risks are a subtype of residual risk that
can be created by transitory elevated risk situations. A slowly progressing hazard event can quickly
escalate into a ROHI hazard event. An example of an interim risk situation is the ongoing rehabilitation of
the Wolf Creek Dam, which impounds the largest reservoir in the United States east of the Mississippi
River. The dam has shown seepage and piping behaviours in the form of muddy flows and sinkholes
(USACE 2012). This event has been ongoing throughout the time span of the dissertation research.
Evacuation plans are in place (Wilson County Emergency Management 2006) and the reservoir has been
held at low pool since March 2005 to remove pressure on the embankment structures while repairs are in
progress (USACE 2012). Once the rehabilitation work is complete the interim risk will return to a
residual risk.
Post-event forensic analysis has been added as a third and final risk management process that
could be performed if an actual event required the activation and use of a CPS. This type of analysis can
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investigate any aspect of the behaviours of the HAZ, CPS or PAR systems, the loss and survival
outcomes and the underlying factors that might have contributed to those outcomes. Post-event forensic
analysis does not typically appear in most risk management discussions but it can play a very important
part in the estimation and assessment of risk for future events. Organizations such as ASCE, Earthquake
Engineering Research Institute and NOAA fund post-disaster field trips to regions and communities that
have been affected by extreme earthquake, tsunami, flooding and tornado events. Detailed forensic
analyses of dam failure events and their consequences have also been developed (e.g., FERC 2006;
Johnstone et al. 2003; Ministere de l'Agriculture 1960).
The discussion now returns to the problem of analysing the potential value of a CPS using risk
assessment. Risk assessment is defined by the quantitative-probabilistic school using a triplet of questions
(Garrick et al. 2008; Haimes 2009; Hartford and Baecher 2004):
1. What can go wrong? (scenarios)
2. How likely is that to happen? (probability of occurrence for each scenario)
3. What are the consequences if it does happen? (outcomes for each scenario)
For this work a scenario defines the initial states and controlling parameters of the HAZ, CPS and PAR
systems. Given the many possible natural variations and uncertainties associated with each system, there
can be multiple scenarios for each system. A triplet that is comprised of one each of the HAZ, CPS and
PAR scenarios is called a composite scenario. A risk analysis must consider the full combinatorial set of
composite scenarios. There could also be multiple combinations of HAZ, CPS and PAR scenarios to
consider. The probability of occurrence for each composite scenario considers the joint likelihood of the
initial states of the three systems and expresses this likelihood in time-dependent terms. The composite
scenario sets in motion a sequence of events that lead to the consequences described in Section 2.3. Risk
becomes a measure of the probability of occurrence and the severity of adverse consequences for a given
set of scenarios. Significant analytical effort can be devoted to answering these three questions.
Haimes (2009) builds on the three risk assessment questions by proposing a second triplet of risk
control questions:
4. What can be done? (options, alternatives)
5. What are the trade-offs? (costs, benefits, risks, reduced consequences, acceptability)
6. How will the current decisions affect future options? (some choices may be irreversible)
Since many different alternatives can be considered, there will be a need to develop consequence
estimates with and without the proposed mitigations in place. A comparison of baseline or benchmark
loss estimates with estimates of possible loss reductions can provide stakeholders with a sense of how the
proposed risk controls might perform. There can also be value in comparing the risk estimates with
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criteria for risk acceptability and to ask whether a proposed approach is "safe enough". If the residual risk
would be unacceptable then the stakeholders may need to consider more extreme alternatives such as
decommissioning a technical facility or relocating the community at risk.
It is now possible to discuss a number of risk subtopics: individual and societal risk, residual risk,
interim risk and safety cases. In the context of life safety, risk can be divided into two main types:
individual risk and societal risk. HSE (2009) define individual risk as " [t]he likelihood that a particular
person in some fixed relation to a hazard (e.g., at a particular location, level of vulnerability, protection
and escape) might sustain a specified level of harm." Jonkman et al. (2002) define individual risk as "the
probability that an average unprotected person, permanently present at a certain location is killed due to
an accident resulting from a hazardous activity." Jonkman et al. also discuss how contours of equal
individual risk can be developed for hazardous facilities to inform local land use planning. Some sources
further qualify individual risk as the incremental risk faced by an individual over and above the
background risk experienced on a daily basis if the natural hazard did not occur or if the technological
facility did not fail (Hartford and Baecher 2004; HSE 2009; USACE 2010b). Societal risk considers
events where there is the possibility of multiple fatalities during a single event (HSE 2001). The UK
Institution of Chemical Engineers (IChemE 1992) defines societal risk as "[t]he relationship between
frequency and the number of people suffering from a specified level of harm in a given population from
the realization of specified hazards." Methods to estimate individual life safety, societal life safety and
time-dependent life safety contours will be developed and demonstrated in this dissertation. More detailed
discussions of these concepts are provided by Ball and Floyd (1998) and Proske (2008).
Given uncertainties and the possibility for unforeseen events, risk can never be reduced to zero.
This means that criteria for risk acceptability must be defined by the stakeholders. These criteria should
not be defined by the risk analysts, engineers, planners and managers but by society (Ale 2005; Hartford
and Baecher 2004; Vrijling et al. 1998). Risk can also be dynamic. The properties of the HAZ, CPS and
PAR systems can vary significantly over short time spans such as day versus night. Risk can be nonstationary over the longer-term. Technological facilities that are part of the CPS require constant
maintenance and vigilance because they can age and decline, and communities can increase in size thus
increasing demands for CPS services and the potential for losses.
Risk analysis can also be called Quantitative Risk Analysis or Probabilistic Risk Assessment
(PRA) (Garrick et al. 2008; Haimes 2009; Harrald et al. 2004; Hartford and Baecher 2004; USBR 2009).
Jonkman et al. (2002) and Proske (2008) provide thorough reviews of the underlying theory and available
methods. Jonkman et al. (2002) describes twenty-nine risk measures that include: individual risk, scale
risk integral, economic damage curves and the Life Quality Index. Proske (2008) discusses quantitative
measures such as mortality rates, life expectancy and Fatal Accident Rates (FAR). One example of these
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methods is the FN curve which is used to analyse and assess risk acceptability. The FN curve is
developed using the answers to the three risk assessment questions: i.e., scenarios, probabilities and
outcome. It plots estimated mortality versus an annualized probability of exceedance in a log-log-space
(Jonkman et al. 2003; USBOR 2003). FN curves can then be used in at least two different ways: to
compare and rank risks and to compare estimated risk with policy criteria lines that define acceptable
levels of societal risk (HSE 2006; Jonkman et al. 2002; Proske 2008). Johnstone and Lence (2009)
explore the use of FN curves to assess and compare the effectiveness of community evacuation
alternatives in the face of an approaching tsunami hazard. They make the following observations:
"While current risk-based methods provide a means of analysing and assessing the societal
acceptability of flood risks, they are limited in their ability to assess and demonstrate the
feasibility of community-based preparation and response activities such as evacuation and
sheltering-in-place. There is a need for additional measures that can assess these approaches at
the site-specific level to inform community stakeholders. Similar to the warrant of the potential
for safe evacuation that is implied by fire exit signs in buildings, the population at risk needs to
be confident that proposed community-based mitigations are feasible" (Johnstone and Lence
2009).
Even with these concerns, risk management provides important principles, concepts and methods that can
guide the development of the Systems Modelling Framework and the Life Safety Measures. It identifies
stakeholders who should be involved, lists key questions to be addressed, describes processes that can be
followed, considers human, economic and environmental aspects and describes the types of output
products that should be produced (e.g., assessment of risk triplets, FN curves, individual and societal
estimates and safety cases).
2.4.4

Emergency Management and Disaster Management
The third stakeholder process is emergency and disaster management. Similar to risk

management this is also a very broad topic with perhaps even more approaches to consider (Alexander
2002; ASDSO 2008; DEFRA 2006; EMBC 2000; EMBC 2001; Emergency Planning College 2006;
FEMA 2006; FEMA 2008a; FERC 2007; Goldblatt 2004; Government of British Columbia 1994; Lindell
et al. 2007; Maryland DOE 2010; Massachusetts EMA 2003; National Governors' Association 1979;
Sorensen and Vogt 2006; State of California 2005; USBR 1996b; USDA 2007). UNISDR (2009) define
emergency management as "[t]he organization and management of resources and responsibilities for
addressing all aspects of emergencies, in particular preparedness, response and initial recovery steps."
The term disaster management is also used widely. All disasters are emergencies but not all emergencies
necessarily become disasters. Disaster management can be used in a more narrow sense to cover activities
in the latter stages of the trans-impact phase as the hazard recedes and in the early parts of the post-impact
phase. For this dissertation, the term emergency management will be used to encompass all emergency
management and disaster management activities for all three phases.
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Four aspects of emergency management processes are discussed here: guiding principles,
organizational structures, emergency management functions and pre-event planning, drills and exercises.
Lindell et al. (2007) discuss the following guiding principles for emergency planning: adopt an allhazards approach, promote multi-organizational participation, manage resistance to planning, rely on
accurate assumptions, identify appropriate actions but also encourage improvisation, link emergency
response to hazard mitigation and disaster recovery, conduct thorough training and evaluation, and adopt
a continuous planning process. They also discuss organizational structures for the management of
emergency response and how they have evolved from uncoordinated single-community approaches into
multi-level multi-organization systems. A community-specific system can employ a local Emergency
Operations Centre (EOC) that coordinates local resources such as police, fire and utility crews. As the
geographic scope and scale of a single disaster affects larger and larger areas and multiple communities, a
more coordinated, multi-tiered local, regional and national approach must be considered. This more
comprehensive system can be called an Incident Command System, an Emergency Response
Management System or an Incident Management System (DHS 2009; EMBC 2000; EMBC 2001; Lindell
et al. 2007). This multi-organization approach combines standardization, functional specificity, unified
command and comprehensive resource management. It defines a field structure that can manage resources
at multiple sites and has a process for the rapid escalation of scope and allocation of resources. The
organizational structure of an Incident Management System includes incident command, planning,
operations, safety, administration and logistics functions. This approach is used in the United States,
Canada, the United Kingdom and Australia. In British Columbia it is called BCERMS (British Columbia
Emergency Response Management System) (EMBC 2000; EMBC 2001). The primary functions at the
EOC level are management, risk management, liaison, operations, planning, logistics, finance and
administration.
Table 6 identifies emergency response functions organized into four groups. Emergency
assessment develops situational awareness of the states and behaviours of the HAZ and PAR systems.
Specific monitoring functions may be put in place to gather more detailed site-specific information.
Hazard operations engage the progressing hazard directly and may be able to suppress them. While ROHI
hazard plumes generally cannot be engaged, specific hazards such as a progressing urban-wildland
interface fire can sometimes be contained. Population protection provides a collection of services that
protects the exposed PAR. Many different protection services can be provided as shown in the table. For
ROHI hazards, the primary services of interest are protective action selection, warning and protective
action implementation. The incident management functions listed in the table identify some of the many
functions that can be performed by an Incident Management System. Table 7 extends the list of incident
management functions provided in Table 6. The tables will inform the development of a CPS functional
model in Chapter 3.
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Table 6 - Emergency Response Functions (Lindell et al. 2007)
Emergency Assessment
x Threat detection / emergency classification
x Hazard and environmental monitoring
x Population monitoring and assessment
x Damage assessment
Hazard Operations
Population Protection
x Protective action selection
x Population warning
x Protective action implementation (e.g., evacuate)
x Impact zone access control and security
x Search and rescue
x Reception and care of victims
x Emergency medical care

Incident Management
x Agency notification and mobilization
x Mobilization of emergency facilities and
equipment
x Communications / documentation
x Analysis / planning
x Internal direction and control
x External coordination
x Public information
x Administrative and logistical support

Table 7 - Emergency Support Functions (FEMA 2008b)
ESF #1 – Transportation
x Aviation/airspace management and control
x Transportation safety
x Restoration/ recovery of transport infrastructure
x Movement restrictions
x Damage and impact assessment

ESF #3 – Public Works and Engineering
x Infrastructure protection and emergency repair
x Infrastructure restoration
x Engineering services / construction management
x Emergency contracting support for life-saving
and life-sustaining services
ESF #5 – Emergency Management
x Coordinate management/response efforts
x Issuance of mission assignments
x Resource and human capital
x Incident action planning
x Financial management
ESF #7 – Logistics Management / Resource Support
x National incident logistics planning, management,
and sustainment capability
x Resource support (facility space, office
equipment, supplies, contracting services, etc.)
ESF #9 – Search and Rescue
x Life-saving assistance
x Search and rescue operations
ESF #11 – Agriculture and Natural Resources
x Nutrition assistance
x Animal and plant disease and pest response
x Food safety and security
x Natural and cultural resources and historic
properties protection
x Safety and well-being of household pets

ESF #2 – Communications
x Coordination with telecommunications and
information technology industries
x Restoration and repair of telecommunications
infrastructure
x Protect, restore, and sustain national cyber and
information technology resources
x Oversight of communications within the Federal
incident management and response structures
ESF #4 – Firefighting
x Coordination of Federal firefighting activities
x Support to wildland, rural, and urban firefighting
operations

ESF #6 – Mass Care, Emergency Assistance,
Housing, and Human Services
x Mass care
x Emergency assistance
x Disaster housing
x Human services
ESF #8 – Public Health and Medical Services
x Public health
x Medical
x Mental health services
x Mass fatality management
ESF #10 – Oil and Hazardous Materials Response
x Oil and hazardous materials (chemical,
biological, radiological, etc.) response
x Environmental short- and long-term cleanup
ESF #12 – Energy
x Energy infrastructure assessment, repair, and
restoration
x Energy industry utilities coordination
x Energy forecast
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ESF #13 – Public Safety and Security
x Facility and resource security
x Security planning and technical resource
assistance
x Public safety and security support
x Support to access, traffic, and crowd control
ESF #15 – External Affairs
x Emergency public information and protective
action guidance
x Media and community relations

ESF #14 – Long-Term Community Recovery
x Social and economic community impact
assessment
x Long-term community recovery assistance to
States, tribes, local governments, private sector
x Analysis and review of mitigation program
implementation
x

x

Congressional and international affairs
Tribal and insular affairs

Two additional aspects of emergency management will be discussed here: the types of actions
that can be taken by the PAR and the development and testing of emergency response plans. Given that
ROHI hazards can cause significant infrastructure and human losses within the hazard impact zone, it is
generally not sufficient for the CPS to engage the hazard while the PAR continue with their normal daily
activities. The PAR must also take some form of protective action during the trans-impact phase. A
protective action is the combined set of decisions and activities undertaken individually and collectively
by the PAR to reduce their exposure to the hazard, increase their ability to resist the hazard and increase
their chances for survival. The two primary protective actions for a ROHI hazard are evacuated to an
external haven and shelter-in-place at an internal haven. An external haven is located outside of the
hazard impact zone and an internal haven is located within this zone. The term vertical evacuation has
been used to describe sheltering-in-place within hardened structures for specific ROHI hazards such as
tsunami (FEMA 2008a). Additional protective actions can be considered for biological, chemical and
nuclear hazards. For example, the PAR can take iodine tablets to reduce exposure to a radiation hazard
(Ball and Floyd 1998; Georgiadou et al. 2007; Ishigami et al. 2004) or don breathing apparatus (Averill et
al. 2005; McGill EHS 2011; Saunder and Wynne 2009).
The second aspect of emergency management to discuss is the role of emergency plans. At least
three drivers create the need to develop these plans. The first is the disaster cycle concept which states
that hazard events can be anticipated to some degree and it is therefore possible to mitigate and prepare
beforehand. The second is that community stakeholders expect a duty of care from the owners and
operators of technological facilities. They will assume that processes have been established to control the
primary, interim and residual risks which include planning for the effective management and coordination
of the emergency response functions. As a third driver, there is a legal requirement in some jurisdictions
to develop emergency response plans for technological facilities such as dams (ASDSO 2000;
Environment Agency 2008; Government of British Columbia 2000; Kramer and Lee 2004).
The process for developing and testing emergency plans will be discussed in the context of dam
safety. Dam owners can find a number of guidelines and examples for emergency plan development
(CDA 2007; FEMA 2004a; FERC 2007; Lindell et al. 2007; Maryland DOE 2007; USACE 2003; USDA
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2007). Two types of plans can be developed: Emergency Preparedness Plans (EPPs) and Emergency
Action Plans (EAPs). An EAP can also be called an Emergency Response Plan (ERP).
The dam owner prepares a dam owner EAP that describes the actions that must be taken by the
dam operators and crews at the first signs of a hazard event. This includes notification flowcharts,
procedures, responsibilities and inundation maps. Supporting details include: descriptions of failure
modes and speed of breach formation; hydrodynamic models, inundation maps and time series of flood
hydraulics; detailed descriptions of the communication methods and public messaging; and lists of
organizations and key contacts. The key steps in a dam safety plan are: event detection, emergency level
determination, notification and communication, expected actions and termination and follow-up (ASDSO
2008).
The dam owner also prepares an EPP for the community. This provides technical, planning and
coordination information, and includes a comprehensive description of the flood hazard (e.g., maps that
show hazard arrival times and inundation extents), contact information, communication protocols and
additional supporting information (ASDSO 2008; CDA 2007). The community uses the EPP to prepare
its own community EAP. Although the dam owner plays a key role in raising community awareness
during an actual event, the final decision to evacuate and the responsibility for warning, mobilization and
response typically falls to the mayor and the community EOC. Many agencies and jurisdictions develop
training materials and offer specific courses to assist the community emergency planners (Alexander
2002; FEMA 2010; Lindell et al. 2007). The community EAP may raise the need to fund mitigation
actions such as installing sirens and widening evacuation routes.
Once the two EAPs are in place they can be tested and verified in the pre-impact phase. These
verification tests are: orientation seminars, drills, table top exercises, functional exercises and full-scale
exercises (FEMA 2004a; FERC 2007). The simplest test is the orientation seminar which is a face-toface meeting between the facility and community personnel and which reviews roles, responsibilities and
procedures. A drill tests a single response procedure, a tabletop exercise brings together personnel from
multiple organizations to run them through a scenario to evaluate the EAP and a functional exercise is
the highest level test that does not involve operational test in the field. The full-scale exercise is the most
complex and evaluates the operational capabilities of all aspects of the emergency management system.
This may include exercising actual evacuations (ASDSO 2008). EAP testing is also used for other ROHI
hazards such as tsunami (CREW 2005; Kryzanowski 2006).
2.4.5

Stakeholder Questions
Based upon the review of the general, risk management and emergency management processes it

is possible to develop a list of detailed stakeholder questions that can guide the scoping, design,
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development and assessment of a CPS. Many of the available handbooks, guidelines and procedural
manuals identify these questions (Alexander 2002; Lindell et al. 2007; PEP-BC 2003; PEP-BC 2004;
Samant et al. 2008). Examples of the output products such as risk analysis studies, preparedness plans,
maps and brochures can also provide insights into stakeholders' needs (Berryman 2005; Oregon
DOGAMI 2008; USACE 2007; USGS 2006; Washington DNR 2005; Webb 2005). These sources were
used to develop examples of stakeholder questions as shown in Table 8. The questions posed at national
and regional scales can consider hazard intensities, exposure zones, the possible magnitudes loss, and
possible mitigations from a top-down policy perspective. When moving from the broad scale of national,
state, provincial and regional policy and planning towards the local scale, the stakeholder questions
become much more focused.
Table 8 - Examples of Stakeholder Questions
x
x
x
x
x
x
x
x
x
x
x
x

Risk and Mitigation Questions
What are the primary sources of risk?
x What are the possible long-term consequences?
Which assets pose the greatest risk?
x Is the current risk acceptable? tolerable?
What are the possible human, economic and
x What are the possible mitigations?
environmental consequences?
x How much will each option cost?
Where are the hazard source zones?
x Which would be more effective: structural or
What are possible hazard magnitudes?
non-structural mitigations?
What is the maximum credible magnitude?
x What is the residual risk?
What are the most extreme loss outcomes?
x Is the residual risk acceptable?
What is the hazard travel time to the community?
x Can the CPS handle the residual risk?
Where is the hazard intensity most severe?
x Should we decommission the facility?
What are the vulnerabilities and exposures?
x Should we move the community?
How many community assets could be lost?
x Can we commit the necessary resources?
How many people could be injured or killed?
Emergency Management Questions

x
x
x
x
x
x
x
x
x

2.4.6

What kind of emergency are we planning for?
Which neighbourhoods are most vulnerable?
How many buildings, vehicles, and other assets
could be lost? Where and when?
What are the possible impacts on CI and SI?
Could local defences be overwhelmed?
How many people need to evacuate?
What is the influence of day, week and season?
How many people could be killed? Where/when?
Where are the people with special needs?

x
x
x
x
x
x
x
x
x
x

Which egress routes should people take?
How should traffic be managed?
Which intersections should be controlled?
Can people move to safe havens in time?
Is evacuation feasible?
When could transport become ineffective?
Is sheltering-in-place feasible?
Where are the safest areas?
Which buildings could be safe havens?
What is the level of confidence that the
recommended havens are safe?

Discussion
Risk management and emergency management play important roles in the processes followed by

stakeholders to establish and maintain a CPS. But Ale (2006) suggests that there can be a disconnect in
terms of how the residual risk is handled. He observes that there will always be a residual risk even after a
CPS is established and suggests that this risk is transferred to the emergency management organizations
so that they can "take care of it." Ale raises the concern that emergency preparedness and response
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systems can be underdeveloped and that they may not have the capacity to deal with the more extreme
events. He suggests that the emergency services can be put in the "awkward and undeserved" position
after a disaster of defending perceived deficiencies in their capabilities when in fact the demands of the
ROHI hazard were clearly far greater than the capacity of the CPS. Ale (2006) cautions against false
assumptions that "the emergency services can cope when in fact they cannot."
One source of credulity in the specific case of technological systems can be a long track record of
successful daily operations. Some systems may have even previously weathered lower intensity hazard
events without failure or loss. But Kates and Kasperson (1983) observe that technological hazards can
"transcend the realm of ordinary experience and require expert study." Stockholm (2011) observes a
repeating pattern based upon three decades of investigating accidents in the petrochemical industry:
people trust the safety systems to protect us, they do not recognize the precursors to the main hazard
event, multiple pathways to hazards exist at all times, any new solutions we introduce can create new
causes of hazard and ongoing activity can create the illusion of performance improvement. Stockholm
highlights how even people who are very familiar with a technological facility can have difficulties
conceptualizing the possible impacts of an accident:
"Incidents causing significant losses, damage, or injury are usually considered nearly impossible
by the organization that suffers these outcomes. It is not uncommon to hear employees at all
levels state that they ‘[c]ould not believe that something like that could happen at a place like this
that runs so well.' Even individuals in organizations that have struggled with performance
problems cannot usually fathom that an incident that yields significant damage and risk to life
could happen in their part of the organization and certainly not to them" (Stockholm 2011).
A reading of post-impact accounts written by disaster survivors or their next of kin leaves a
consistent impression that the rapidity of events, the severity of the hazard, the broad geographic extent of
the impacts and the extremity of the consequences were a surprise to those in the hazard impact zone
(Baxter 2005; Donat 2004; Lesin and Deal 2008; Outland 2002; Ripley 2008). Eyewitnesses consistently
express disbelief that such an event could occur and cause such extensive destruction. A typical sentence
pattern that can be found in many post-event accounts is: "I never thought <insert hazard type> would
come like that" (Barrionuevo 2011; Clark et al. 2010; Enarson and Scanlon 1999; Outland 2002; PerezLugo 2001). These disasters have properties similar to Black Swan events: rarity, extreme impact and
retrospective predictability (Taleb 2001). The rare event is an outlier that exists outside the realm of
regular expectations and its occurrence is a surprise to the observer. The extreme impact can be positive
(e.g., winning the lottery) or negative (e.g., a major car accident). The magnitudes of the impacts are
beyond expectations and can be historic. Retrospective predictability expresses the idea that the event can
be rationalized in hindsight as if it should have been expected. Taleb does not claim the ability to predict
these events but merely suggests that people should build robustness into their systems to avoid or reduce
losses due to Black Swan events.
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It is clear that risk management and emergency management are important elements in the
community protection puzzle. Risk management provides probabilistic, quantitative and causal concepts
to help ensure that the full suite of possible hazard and vulnerability scenarios are considered, that
uncertainties are accounted for and that the assessment process is transparent. Emergency management
provides the general principles and comprehensive descriptions of the detailed actions that can be taken. It
can also provide insights into how the CPS would be operated during an actual event. Important
additional insights can be gained from asset management and social science. Based upon these
considerations, the primary risk and emergency management questions of interest to this dissertation can
be re-stated as shown in Table 9.
Table 9 - Risk and Emergency Management Questions of Interest to this Dissertation
Risk and Emergency Management Questions

Relevance to Dissertation

1. What can go wrong?
a. What are the hazard scenarios?
b. What are the vulnerability scenarios?
c. What are the capabilities of the CPS?

Define HAZ system
Define PAR system
Define Baseline CPS

2. How likely are these events to happen?

Develop joint probabilities

3. What are the life safety consequences?
a. How will the three systems behave?
b. What are the final outcomes?

Model systems behaviours and interactions
Estimate mortality and survival

4. What can be done?
a. What can be done beforehand?
b. What must go right during an event?

Establish the proposed CPS
Use the proposed CPS to protect life

5. How do you know that the CPS will work?

Estimate life safety reliability

Questions 1 to 3 address risk assessment. Question 1 has been divided into three parts that each
ask for a description of the initial conditions of one of the three systems at the beginning of the transimpact phase. Question 1c is important because a community CPS might already offer many of the
essential services that could save lives. Question 2 requires the estimation of the joint probability of
occurrence for each composite scenario which could be expressed as an annualized probability. Question
3 asks for an estimate of the life safety consequences. This is divided into two parts. Question 3a requires
the development of location- and time-dependent estimates of the behaviours of the three systems and
their interactions during the trans-impact phase. Question 3b asks for an estimate of the mortality and
survival of the PAR at the end of the trans-impact phase. The answers to questions 1 to 3 provide the risk
triplets that are used to assess whether the risk is acceptable, but they also provide information about the
location and timing of key events.
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It is assumed here that the risk is unacceptable and that some form of risk control is required.
Questions 4 and 5 address risk control. Question 4 asks: what can be done before and what must go right
during an event to protect life. The possible set of actions can be defined by the general, risk management
and emergency management stakeholder processes. The key is to answer Question 4b: what must go right
in the trans-impact phase in order to protect life? In basic terms, this might be a list of the protective
services provided by the CPS such as detection, warning, abatement and transportation services. If the full
set of required CPS services for the trans-impact phase can be enumerated then question 4a can also be
answered. A gap analysis can be used to identify CPS functions that are missing by comparing the
capabilities of the baseline CPS with those of the proposed CPS (FAA 2011; HM Government 2009;
Leveson 2011; Luxhoj 2004; Pitt 2008). This then identifies possible mitigation and preparation tasks that
should be completed in the pre-impact phase. The process of identifying "what must go right" during an
event applies equally to the PAR system. If the PAR system does not take the recommended protective
actions within the correct timeframes then the CPS may not achieve its main goal.
Question 5 asks those responsible for managing the risk to explain to the stakeholders why they
believe that the enhanced CPS can provide the expected level of risk control during a ROHI hazard event.
This explanation can be provided as a safety case supported by risk analysis and control studies, ERPs
and EAPs, studies of CPS performance and results of verification tests (e.g., drills, tabletop exercises and
functional exercises).

2.5

Concepts for Development of the Systems Modelling Framework
A Systems Modelling Framework describes how logical systems analyses, mathematical models,

physical experiments, community exercises, analytical- and simulation-based tools and historical
outcomes datasets can be combined to develop the Life Safety Performance estimates required by the
stakeholders. A number of considerations provide the motivation for developing this framework. The first
is a general trend towards the use of simulation-based methods that develop synthetic outcomes datasets.
A number of the models that can produce this type of data are surveyed in Appendix C. While these
models simulate the behaviours, interactions and outcomes for selected aspects of the life safety
estimation problem, none of them fully address Questions 4 and 5 posed in Table 9. The framework can
guide the enhancement of current models and the design and development of new models. The second
consideration is the rapidly increasing availability of geospatial datasets that describe communities at risk,
the location and status of CI assets and emergency management resources. Many of these datasets are
now available online through government data portals (DHS 2004; NRC 2007) or can be shared privately
via secure data use agreements. As shown in Chapter 6, it may be possible to develop first-order estimates
in certain limited cases of life safety using a hand-held GPS receiver with no additional GIS data. The
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third reason for developing a modelling framework is that integrating simulation models is an important
research issue in its own right. The US National Science Foundation identifies complex systems
modelling as an emerging issue and calls the general problem Simulation-Based Engineering Science
(SBES) (NSF 2006). SBES provides the mathematical and scientific basis for the simulation of
engineered systems by combining traditional engineering such as electrical, mechanical, civil and
chemical engineering with the knowledge and methods of computer science, mathematics, and the
physical and social sciences. Rather than being "simulation as usual”, SBES focuses on models of
complex, interrelated systems and the need to develop methods which produce results that can meet
specified standards of precision and reliability (NSF 2006). The report discusses the need for multi-scale
simulation models that can represent multiple orders of magnitude of time and space, the need to develop
formal methods for combining systems models and the need to develop computational strategies that can
efficiently perform the complex set of calculations that are required. These are essential properties of the
life safety estimation problem.
A Systems Modelling Framework can be used to describe how systems models can be developed
and integrated so that Life Safety Performance estimates can be developed. Law and Kelton (1982; 2006)
describe different ways to study systems that include experimenting with an actual system or
experimenting with models of a system. The models can be divided into physical or mathematical models,
and the mathematical models can be further subdivided into analytical and simulation-based methods.
Figure 7 shows a conceptual representation of the three systems of interest. Below them, three approaches
to study the systems and their behaviours, interactions and outcomes are shown: observe actual systems
and events, experiment with the actual systems and experiment with models of the systems. Each
approach is divided to its right into different detailed approaches. Specific examples of methods are
provided in the rightmost column.
A brief description of the three approaches will be provided here. Observations of actual systems
and events provide opportunities to gather objective data about the properties and behaviours of the three
systems during the three pre-, trans- and post-impact phases. Experimentation with actual systems,
subsystems or objects creates an opportunity to gather information during the pre-impact phase before an
actual hazard event. Some of the experimental work may be performed under laboratory conditions.
Given that empirical data from historical events cannot be used on their own to predict CPS performance
for a new HAZ-CPS-PAR context, and given that full-scale tests under actual ROHI hazard conditions
with real communities cannot be performed, the only credible approach for developing life safety
estimates to address the "what must go right?" and "how do you know it will work?" questions is through
analysis and simulation. This is not to suggest that the historical and empirical data are not important:
they are indeed fundamental. But a key challenge is to develop credible performance estimates that
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consider the full range of system variabilities, behaviours and interactions. This can only be achieved by
using analysis and simulation to develop synthetic behaviour and outcomes data.

CPS
HAZ

PAR
Methods

Observe actual
systems and
events
Experiment with
the actual
systems

Examples
Survey community before
Survey disaster zone after

Field Survey

Test warning siren
Evacuation drill

Drills and
Exercises

Structural flood response
Human stability in flume

Physical
experiments

Data
Models and
Data Storage
Systems Data,
Process and
Functional Models
Process and
Functional
Models

Experiment with
models of the
systems

Analytical
Models
Mathematical
Models
Simulation
Models

GIS

Map of land use
Map of CI and SI assets

Hierarchy &
Network

Structure of EOC
CI/SI inter-dependencies

Systems
Diagramming
Methods

Fault Tree for dam failure
Decision tree for warning

Functional
Breakdown

Dam failure modes
CPS emergency functions

Statistical,
Regression

Historic loss outcomes
PAR mobilization times

Physical,
Mechanistic

Human stability in a flow
Traffic density-flow

Physical,
Mechanistic

HAZ plume propagation
PAR evacuation response

Discrete
Event

Event-activity sequence
Loss or survival outcome

Agent-Based

PAR evacuation response
HAZ-PAR interactions

Integrated
Model

Combinations of HAZCPS-PAR models

Figure 7 - Ways to Study Systems, Behaviours, Interactions and Outcomes
The system experimentation approach divides into two parts: data-process-functional models and
mathematical models. Data models are generally static in the sense that they model the structures and
interconnections of the three systems. Process and functional models straddle the static and dynamic
worlds because they organize functions, activities and decisions into sequences that are time-dependent.
The mathematical models divide into analytical and simulation models. The various methods will be
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discussed below. Although most systems have both discrete and continuous properties, Law and Kelton
(1982; 2006) observe that it is sometimes possible to classify a system as being exclusively discrete or
continuous for modelling purposes. The dissertation will show that both approaches can be used for all
three systems to varying degrees of detail; however, it is important to note here that the primary elements
of the decision processes such as events, activities and pivotal decisions must be modelled using discrete
event methods. The right-hand column of Figure 7 shows examples of different types of models and
methods. A key goal of the research is the integrated modelling concept shown at the bottom of Figure 7.
The intent is to develop a framework that can guide the identification, development and integration of the
various datasets, models and methods in order to estimate life safety. The next sections define the various
methods, identify examples of the models and review concepts that will be used to develop the
framework.
2.5.1

Observation of ROHI Hazard Events and Consequences
Observations of actual ROHI hazard events and the consequences of these events provide

important inputs into loss estimation processes. These data are generally gathered through field
observations made in the hazard impact zone just after an event and via other means such as longer-term
forensic investigations of specific technical aspects and official and unofficial inquiries. In some cases,
system-level data such as the hazard and impact locations, magnitude, intensity and community
consequences such as event mortality are recorded in databases that can be accessed via web-based query
tools. Systematic surveys and analyses have also been developed for some hazard types. Each of these
aspects will be discussed briefly here.
This first discussion shows how statistical and regression techniques can be used to analyse field
data and support the development of analytical models at the systems level. There are many potential
sources of consequences data for historical disaster events (e.g., Abbott (2008), Lander et al. (2003),
Proske (2008), Smith and Petley (2009)) and hazard-specific studies. National historical disaster records
of varying quality and completeness can be found. Salvati et al. (2010) discuss a loss catalogue that
records mortality outcomes for 3,139 landslide events and 2,595 flood events for the 1,941-year period
from the years 68 to 2008 in Italy. Van Baars and Van Kempen (2009) discuss a catalogue of 1,735 dike
failures for the 873-year period from the years 1134 to 2006 with storm surges being the main cause.
Ashley and Ashley (2008) discuss the compilation of a detailed flood fatalities database for the
contiguous United States covering the years from 1959 to 2005, which includes vulnerability factors such
as age, gender, activity and setting. NOAA's World Data Centre maintains an archive of tsunami,
earthquake and volcano data to support research, planning and mitigation. NOAA's tsunami database
contains records of over 2,000 events from the year 2000 B.C. to the present day.
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A review by the Natural Hazards Centre (NHC 2009) at the University of Colorado at Boulder
identifies twenty-two disaster consequences databases, some of which focus on losses in the United States
and some of which take a global perspective. A study by CRED from 2006 reviews thirty-one
international, regional, national and sub-national disaster databases (Tschoegl et al. 2006). The reviewers
observe that there are fundamental differences in the definitions of disasters and events, all of the
databases have difficulty in classifying disaster types and sub-types and in distinguishing between
primary and secondary disasters, single hazards that affect multiple-countries are problematic and the
reporting of events that span multiple days is an issue. NHC (2009) observes that the loss catalogues
address different needs and that the outcomes datasets have been gathered by different agencies for
different purposes, at varying levels of detail and with little uniformity in the collection methods. Barredo
(2007; 2009) reviews data sources for European flooding disasters between 1950 to 2005 and concludes
that data gathering, quality and reporting methods are inconsistent and that it is difficult to find accurate
loss data. Mitchell (2003) similarly states that the consequences datasets are neither comprehensive nor
standardized. Jonkman and Kelman (2005) identify the need for improved, expanded and standardized
recording of the circumstances of flood fatalities. Munich Reinsurance (2005) states that until about 1992,
only 10 to 12% of loss reports were considered to be “very good” and that the quality of natural disaster
reporting since then has "risen perceptibly.” Detailed, site-specific outcome data are usually not available
in the international loss catalogues. This type of data would be essential to support life safety estimation
for CPSs.
Two disaster data sources are considered here. The first is the Emergency Management Disaster
Database (EM-DAT) which is maintained by the Centre for Research on Epidemiology of Disasters
(CRED) in Louvain, Belgium. This dataset contains data on the impacts of more than 16,000 natural and
technical disasters from 1900 to the present day. Approximately 700 events are added to EM-DAT each
year (Tschoegl et al. 2006). Blong (2009) and Jonkman (2005) discuss the definitions and methodologies
used to develop and maintain EM-DAT. While EM-DAT has limitations such as coding issues and
incompleteness, the dataset can still be considered a representative sample of worldwide disaster events.
The second source is surveys of dam and dike/levee failures (Engels and Dixon-Hardy 2011; Graham
1999; Hartford and Baecher 2004; Hirschberg et al. 1998; Jonkman and Vrijling 2008; McClelland and
Bowles 2002; WISE 2011). This second inventory covers the period from the years 516 to 2004 and lists
148 events. Data from both sources were acquired, compiled and analysed for the following event types:
earthquake (tsunami), flood (extreme/flash flood), industrial accident (chemical spill, gas leak, radiation),
volcano (volcanic eruption), wildfire (forest fire, scrubland/grass fire) and storm (storm surge/coastal
flood, tropical cyclone (all types)). Summary statistics of mortality outcomes over the 110-year reporting
period for the seven hazard types is shown in Table 10. The hazards are ranked in descending order of
cumulative LOL. Column [1] in the table lists the total number of individual disaster events in the
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reporting period. Columns [2-7] list the cumulative, average, standard deviation, skewness, kurtosis and
maximum statistics for LOL. The overall average mortality for these events is on the order of 1,000
people. Tsunami appears to be the most extreme in terms of average event mortality but cyclone/storm
surge has produced the largest total mortality. Wildfire appears to produce the lowest overall mortality of
this set of hazards. Given the limitations discussed above, great care should be taken when interpreting
these numbers. Comparing the magnitudes of losses may be more meaningful. Columns [8-11]
summarize the proportion of loss events and total mortality for events with LOLw 10 and LOLw 100.
The table shows that events with LOL  10 account for 72% of all events and 99.6% of the total mortality
and for LOL  100 there is a drop to 37% of all events but these still account for 98.3% of observed
mortality.
Table 10 - Statistics of Reported Mortality for the Selected Hazard Types (1900-2009) (Johnstone 2012a)
Loss of Life (LOL)
Analysis / Comparisons
Number of
% of All Mortality
Std Skew Kurt Maximum % of All Events
Disaster Cumulative Mean
with Loss of Life with Loss of Life
Mortality Mortality Dev.
Events
Disaster Type
Cyclone/Storm Surge

[1]

[2]

[3]

[4]

[5]

[6]

[7]

1,057

1,333,873

1,262

12,004 18.4 401 300,000

t10

t100

t10

t100

[8]

[9]

[10]

[11]

79%

50%

99.5%

98.6%

Tsunami

34

241,390

7,100

38,758

5.8

34

226,408

94%

56%

100.0%

99.8%

Dam/Dike/Levee Failure

129

105,980

822

7,480

11.3 128

85,000

56%

33%

99.8%

98.9%

Volcano

83

95,979

1,156

4,147

5.8

36

30,000

70%

41%

99.9%

98.7%

Extreme / Flash Flood

358

59,978

168

1,610

18.0 333

30,000

71%

16%

99.2%

88%

Industrial Accident

51

3,448

127

530

7.0

49

2,500

47%

6%

97.3%

84%

Wildfire

127

3,477

27

94

9.1

93

1,000

43%

4%

93.1%

50%

1,839

1,844,125

20

463 300,000

72%

37%

99.6%

98.3%

All Disaster Types

1,003 10,765

The skewness and kurtosis estimates show that ROHI disaster consequences appear to be highly
skewed from their mean values towards more extreme losses and that the frequency distributions may
have heavy tails. The average coefficient of variation is ten sigma. The most extreme loss outcome for
each type of hazard event are four to twenty-five sigma's distant from their respective means. If an analyst
intended to fit a Normal Distribution to these data the probability of exceeding a twenty sigma event
would be on the order of 10-89 (Mandelbrot and Taleb 2006). This would imply that the most extreme
cyclone event in this data set with LOL | 300,000 was probabilistically impossible. Yet this event did
happen on November 12-13, 1970 in Bangladesh, India (Abbott 2008). This suggests that perhaps
extreme value distributions should be considered (Bier et al. 2004; Pisarenko and Rodkin 2010; Sornette
2006). Additional analysis and discussion is provided by Johnstone (2012a). The important conclusion for
the dissertation work is that the historical records of disaster mortality can provide some insights into the
possible orders of magnitude of event mortality for different ROHI hazard types but the data cannot
support the estimation of future CPS performance.
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The most useful empirical observations for this dissertation are datasets gathered by site-specific
field surveys and post-event forensic analyses (see "Field Survey" in Figure 7). Over the last three
decades, researchers have been performing more systematic and detailed surveys of hazard consequences.
A number of organizations such as MCEER and ASCE now organize field trips to gather field data about
major events. They may also establish event-specific websites soon after each event to provide a focal
point for posting field notes, blogs and early assessments of the hazard, vulnerabilities and consequences
(Borrero et al. 2006; Fritz et al. 2006; Inoue et al. 2007; MCEER 2011a; MCEER 2011b; NOAA 2011;
Shimamoto et al. 1995; Shuto and Matsutomi 1995; Synolakis and Okal 2005; USGS 2011). Examples of
surveys and compilations are as follows: the physical properties of tsunami (Abe 1995; Lander et al.
2003), the consequences of tsunami (CIESIN 2005; Cousins et al. 2006; Dengler and Preuss 2003; Doocy
et al. 2009; Doocy et al. 2007; Reese et al. 2007; Tsuji et al. 1995a; Tsuji et al. 1995b), mortality due to
dike failure (Boyd et al. 2008; Cherry et al. 2010; Jonkman et al. 2009; Schlenger et al. 2006; Whoriskey
2007), the physical aspects of structural failure of dams (Anderson et al. 1998a; Anderson et al. 1998b;
Engels and Dixon-Hardy 2011; Wahl 1998; Wahl 2004), impacts of floods on structures (Clausen and
Clark 1990; Kelman 2002; Lorenzen et al. 1975; Robertson et al. 2007; Roos 2003; Roos et al. 2003;
Sangrey et al. 1975) and dam failure consequences (Graham 1999; Graham 2009; McClelland and
Bowles 1999; WISE 2011). While studies of the performance of CPS are limited, it is also possible to
find sources that focus on specific aspects such as detection and analysis of progressing hazards (Knabb et
al. 2005), warning systems (Mileti and Sorensen 1990; Murphy 2005; Sorensen 2000), the performance of
structural defences such as tsunami walls and dikes (Ayyub et al. 2009a; Ayyub et al. 2009b; IPET 2006;
Murata et al. 2010) and evacuation behaviours (Averill et al. 2005; Boyd 2010; Burton et al. 1981;
Dotson and Jones 2004a; Dotson and Jones 2004b; Graham 2010; Henry 1980; Lindell et al. 2005;
Liverman and Wilson 1981; Rogers et al. 1990; Vogt and Sorensen 1992; Wolshon 2006; Wolshon 2008;
Wolshon et al. 2006; Zelinsky and Kosiski 1991).
A specific and important example is the set of detailed forensic studies of the structural and
mortality consequences due to the multiple failures of the New Orleans Hurricane Protection System
(NOLA-HPS) during Hurricane Katrina in 2005 (IPET 2006). While the hurricane hazard was a sloweronset event that was detected and forecasted many days before landfall, the failure of the levee system
was a ROHI hazard because it occurred over a much shorter time span. Detailed forensic studies of the
impacts of the flooding caused by the levee failures are described by Jonkman et al. (2009) and Boyd
(2010). The researchers analyse the loss of structures and individual mortality events at a detailed sitespecific level for Orleans and St. Bernard Parishes. Local flood characteristics are modelled and correlate
with specific building damage outcomes and mortality outcomes are correlated with flood characteristics,
location, gender and race. One third of the mortality occurred outside of the flood impact zone or in
hospitals and shelters in the flooded area and two-thirds of the mortalities were most likely caused by
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direct physical impacts of the flood leading to drowning (Jonkman et al. 2009). Age was an important
factor with 60% of the victims being over 65 years old. The information products developed by this
forensic study include detailed maps of water depth, flow velocity, rate of rise, locations of recovered
bodies and mortality by neighbourhood. Complementary information such as video of first-person
experiences within the hazard exposure zone before, during and after the event are also very useful (Lesin
and Deal 2008).
Another example of this type of work is the forensic analysis of the Malpasset Dam failure by
Johnstone et al. (2003) and Johnstone (2005). The data sources used to develop GIS and relational
datasets and a numerical flood wave model included: books and articles, airphotos and satellite imagery,
eyewitness testimony, hand-held and oblique photography, engineering studies, GIS datasets and reports
from Official Inquiries. The datasets that were developed described the people, groups, CI such as roads,
vehicles, locations and event timing. The goal of the work was to determine the location and states of
objects in or near the hazard impact zone. In order to discern the timing and location of events, the
investigating team reviewed publications, compiled the facts into a GIS/database and then correlated the
information as new facts were identified. The end result is a dataset that can support system model
development, validation and calibration. Additional information was gathered via two field trips. The
forensic dataset developed from this process provides the basis for the development of two life safety
analyses in Chapter 7. Additional reviews of other ROHI hazard events such as dam failure, tsunami,
urban-wildland interface fire, tropical cyclone, volcanic lahar and transportation and industrial accidents
is provided by Johnstone (2012b).
2.5.2

Drills, Exercises and Experiments
Section 2.4.4 describes how EAPs can be tested and verified using tabletop exercises, drills and

functional exercises. Warning and evacuation drills and exercises can provide useful inputs to life safety
estimation (see Drills and Exercises in Figure 7). The scope of an exercise or drill might include
activating a local siren and overseeing pedestrian or vehicular egress to designated havens. Descriptions
and studies of evacuation behaviours and the use of evacuation data to validate egress models can be
found for building hazards (Gwynne et al. 2003b; Ko et al. 2006), ship evacuation (Gwynne et al. 2003a)
and aircraft evacuation (Galea et al. 2008). Detailed descriptions of scenarios that can be used for tsunami
tabletop exercises have been developed by the Cascadia Region Earthquake Workgroup (CREW 2005;
CREW 2008). It is possible to find limited descriptions of tsunami evacuation drills for much smaller
towns along the Pacific Coastline (e.g., Samoa, California (Driscoll 2007; Ripley 2008); Ahousaht,
British Columbia (CBC 2009)) and to find post-tsunami studies of the responses of small communities or
groups (McAdoo et al. 2006; McAdoo et al. 2008), these sources do not provide detailed site-specific
descriptions of the geographic and hazard context, timing of key events, PAR and CPS behaviours and
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performance outcomes. The NRC (2011) suggests that the benefits of tsunami evacuation drills in larger
communities are unclear and that the value of voluntary practice of protective actions may be limited to
households, neighbourhoods and schools in small communities. Conducting full-scale exercises can be
complex and expensive to run and they disrupt the local economy. The geographic scope may be far too
large and the full combinatorial set of initial conditions cannot be fully assessed. People may be unwilling
to evacuate during a summer's day and then again at night, and again during the winter, and so on.
Johnstone and Lence (2011) propose an approach in which tabletop, functional and full-scale exercises
could be enhanced using interactive environments that simulate hazards and community protective
actions. Risk analysts and community emergency planners could work through scenarios supported by
visualizations that provide interactive feedback and different outcomes based upon initial conditions and
operational decisions during each exercise.
The second method discussed here is physical, chemical and biological experimentation with
certain elements of the systems, subsystems and objects of interest (see Figure 7). Examples include:
building and purposefully breaching dams and dikes to gather objective breach formation time, breach
size and outflow data (FEMA 2007; Morris 2005; Morris 2000; Resio et al. 2007) and measuring the
stability of people in fast-flowing waters under controlled lab conditions (Abt et al. 1989; Lind et al.
2004; Penning-Rowsell 2005; Vassalos and Vassalos 2004).
Experimentation with actual subsystems and objects can provide useful objective data that can be
used to develop predictive analytical and simulation models. However, it is not possible (or desirable) to
fully test CPS and PAR system responses under real-world ROHI hazard conditions. Therefore, the
reliability of the CPS cannot be fully tested using direct experimentation. Even so, it would still be
valuable to continue to support experiments that develop objective data about PAR responses and CPS
performance.
2.5.3

Systems Data Models
This discussion addresses the need to store geographic, hierarchical and network connectivity

information about the HAZ, CPS and PAR systems using data storage methods (Figure 7). Since
quantitative representations of the systems must be developed in order to model system behaviours and
interactions, some form of database representation must be produced. The different data storage options
include flat file, spreadsheet, relational database, object database and GIS. Each storage option has its
own internal data structure. More than one of these storage formats is usually required. System data
models specify the structures of these datasets. Three types of data model must be developed: conceptual,
logical and physical (Booch et al. 1999; Conger 1994; Elmasri and Navathe 1994; Rumbaugh et al. 1999).
A conceptual data model represents the different ways that the stakeholders view the HAZ, CPS and
PAR systems. It provides concise descriptions of stakeholder requirements and identifies the data types,
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data relationships and known constraints that must be represented in the database. A system analyst will
work with the stakeholders through a requirements analysis process to develop the conceptual data model
design (Spewak and Hill 1992). The next step is to convert the conceptual design into a logical data
model design which describes how the data will be stored in each of the data stores. This requires
consideration of the specific data storage format of the different systems modelling tools. A final step in
the construction of the computer-based systems modelling environment is the development of the
physical database design which represents the detailed internal file organization and data storage
structures. The logical and physical data models correspond to the formal and analytical-simulation
models shown in Figure 3 (Section 2.1), respectively. The conceptual, logical and physical database
analysis and design activities can be highly technical exercises and require many iterations. A significant
challenge in applying this approach to modelling the HAZ, PAR and CPS systems is the very broad scope
of the problem and the many possible details to consider.
Four additional data model aspects are discussed here: interdependency models, Geographic
Information Systems, system measurement and sensor webs, and system model resolution. The first topic
is CI interdependency modelling. Given that CI sectors are highly interconnected and mutually
dependent, the relationships of particular interest for CPS design and operation are CI interdependencies.
Rinaldi et al. (2001) describe interdependency as a situation in which the state of one CI system can
influence the state of another. They describe various types of interdependencies that could be of interest
to the stakeholders: physical, cyber, geographic and logical interdependencies. A physical reliance
requires a material flow between systems, a cyber linkage requires information flow, a geographic
connection requires physical proximity and a logical linkage is a catch-all for dependencies that do not fit
into the first three categories. Pederson et al. (2006) describe a slightly different taxonomy: physical,
informational, geospatial, policy-procedural and societal. The concept is societal interdependency which
considers factors such as public opinion, public confidence, fear and cultural issues. A motivating factor
for the study of interdependencies is the potential for a failure in one CI sector to cascade through other
sectors and even back to the originating sector in a feedback process that may lead to significant outages
and loss of service. This can be an important issue during a ROHI hazard event. Rinaldi et al. (2001)
discuss types of CI interdependent failures that might be of interest such as common cause, cascading and
escalating. The need to develop a better understanding of CI interdependencies and their implications is
an active area of research (Aung and Watanabe 2009; Chang et al. 2007; Haimes et al. 2008a; I2SIM
2007; McDaniels et al. 2008; McDaniels et al. 2007; Min et al. 2006; O'Rourke 2007; Setola et al. 2009;
Stapelberg 2007; Svendsen and Wolthusen 2007; Theoharidou et al. 2009).
This dissertation will not address this broader scope of interdependency research but will instead
use framing concepts and the CI data and functional models developed by these initiatives to provide a
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basis for developing the system modelling framework. The proposed framework will accommodate CI
and SI interdependencies but it will not explore the specific submodels that could be developed. Three CI
interdependency approaches are most useful to the dissertation work: the Implementation, Services and
Effects (ISE) model, the Inoperability Input-Output Model and the Tokens-Cells-Nodes-Channels
model. Flengte and Beyer (2008) describe the ISE model which represents infrastructures using three
modelling layers: an implementation layer, a service layer and an effects layer. The implementation layer
describes the objects that make up a CI system. For example, a road network might have road segments,
intersections, bridges, signage and signals. The service layer lies on top of the implementation layer and
describes the services provided by the objects to the stakeholders and to other CI sectors. The loss of
service in one sector can affect another. The services provided by a road network to the PAR might
include transportation away from a hazard source and transport of first responders to the hazard source. If
the road is cut off, the first responders cannot provide their protection service. The third "effects" layer
lies on top of the service layer and describes the effects of successful and unsuccessful service delivery.
These can include consequences of the loss of CI objects and services. The key idea for CPS modelling is
the need to identify the CI objects and the services (or functions).
The Inoperability Input-Output Model is described by Crowther and Haimes (Crowther and
Haimes 2005; Crowther and Haimes 2008) and Haimes et al. (Haimes et al. 2008a). It is based upon an
input-output model developed to study economic equilibrium by Leontief (Leontief et al. 2004). Crowther
and Haimes describe how a physical interdependency matrix can be used to model intra- and inter-sector
connections between CI sectors in order to estimate the economic impact of disasters. The effects of
perturbations on a single CI system and the subsequent cascade to other systems can be modelled.
Liu (2007) and Marti et al. (Marti et al. 2008; Marti et al. 2005) describe the Tokens-CellsNodes-Channels model. This was developed by the Infrastructures Interdependencies Simulation Team as
part of the Joint Infrastructure Interdependencies Research Program at UBC. This model builds on the
same infrastructure interdependency concepts discussed above and uses the concepts of tokens
(resources), cells, nodes and transportation channels. Tokens are goods or services provided by one of the
CI sectors. A cell is an object that performs a function (e.g., a hospital). A node is made up of one or more
cells and generates and/or receives tokens. A transportation channel provides the means for moving
tokens between nodes. Marti et al. (2008) describe the concept of survival tokens which are required by
victims of disasters. These needs include: clean water, food, shelter, sanitation and medical care. Two
types of relationships are modelled. The first models how a cell can use multiple inputs to produce the
service that it provides. The second models how these services are transported from one node to another.
This can be modelled using a transportation matrix that is similar to the Inoperability Input-Output Model
approach described by Crowther and Haimes (Crowther and Haimes 2005). All three approaches describe
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concepts that can be applied to the HAZ-CPS-PAR modelling problem: the tokens and services concepts
describe what functions the CPS must provide to engage the hazard and protect the PAR; the
implementation, cells and nodes concepts can describe specific hazard, CPS and PAR objects; and the
input-output, channels and transmission matrix describe different types of connectivity between the
nodes. This will be explored further in Section 2.5.4.
The second topic is the role of GIS. Given that life safety estimation is a spatio-temporal problem
there is a need to use spatially-capable technologies developed by GIS researchers and industry.
Descriptions of this field and the various data structures and functional tools are provided by a number of
sources (Aronoff 1989; Burrough and McDonnell 1998; Chrisman 1997; Longley et al. 2005). Numerous
examples of the application of GIS to risk, emergency and disaster management can be found (Abdalla
and Tao 2005; Amdahl 2001; Cova and Church 1997; FEMA 1999b; Greene 2002; NRC 2007). An
important trend is the increasing availability of local, regional, national and international GIS databases
that address many different aspects of the problem space. GIS tools will play a fundamental role in the
development and demonstration of the Life Safety Measures.
A related issue is the role of system measurement and sensor networks. Infrastructure systems
typically use an array of sensors distributed throughout a facility or across a broad geography to gather
data about system states. A Supervisory Control and Data Acquisition (SCADA) system can combine
the time-dependent signals from these various sensors to issue control commands to actuators that operate
the system. Sensor webs can be developed that combine data from satellite remote sensors and distributed
arrays of rainfall gauges, seismographs and traffic speed sensors (Botts et al. 2007; Delin and Jackson
2001; Nath et al. 2007). A notable example of the sensor web is the use of social media tweets to estimate
the epicentres of earthquakes (Guy et al. 2010).
Systems analysts will need to decide the spatial and temporal resolutions that they will use to
develop the systems models. This dissertation will consider three resolutions: macro-, meso- and microresolution. Table 11 describes these terms using Hurricane Katrina and its impact on the NOLA-HPS as
an example. At the macro-resolution level the models might consider systems and systems-of-systems.
The hazard systems would be the wind and rainfall flood hazard from the hurricane and the flooding due
to the failure of the NOLA-HPS. The PAR is the full city population and the CPS is a system-of-systems
that includes the NOLA-HPS and the support services of State and Federal agencies. A macro-level
temporal resolution of hours could be used to describe the key hazard physical events, CPS decisionpoints and PAR responses during this multi-week event. The time span could start with the initial
formation of a low pressure tropical wave from a storm in the western Sahel region of Africa, to cyclone
formation and progression west across the Atlantic Ocean, to onshore impacts in the Caribbean Sea, Gulf
of Mexico and Eastern Seaboard of North America (Abbott 2008). At the meso-resolution level, systems
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and major subsystems can be considered. Focusing on the PAR for New Orleans, this could include
people in neighbourhoods, schools, hospitals, old age care facilities and shelters. The meso-temporal
resolution might be hours or tens of minutes.
Table 11 - Systems Modelling Detail
Resolution

Content

Example: Hurricane Katrina and the New Orleans and Southern Louisiana
Hurricane Protection Systems (NOLA-HPS)
HAZ

PAR

CPS

Temporal

Macro-

System-ofsystems and
systems

Hurricane and
flooding (levee
system failure)

Population of
New Orleans

NOLA-HPS +
Federal and State
systems + others

Days / hours
over a span of
Weeks

Meso-

Systems and
their
Subsystems

Wind,
floodwaters,
debris, polluted
water

Neighbourhoods,
schools, hospitals,
old age facilities,
shelters

Levees, NOAA
NHC, EOCs,
power,
communications,
media, transport,
Coast Guard

Hours over a
span of days

Micro-

Subsystems
and detailed
components

Wind hazard,
wind-borne
missiles, inland
flooding, flows
near levee breach,
debris

Groups and
individuals, first
responder crews,
National Guard

Roads, bridges,
intersections,
overpasses, sirens,
levee section,
shelters, gates,
pumps, utility
crews, Coast Guard
crews

Minutes over
a span of
hours

At the micro-resolution level, detailed subsystems and actual system objects can be considered. The
detailed hazard objects could include wind-borne missiles, flows near each levee breach and water-borne
debris. The detailed PAR could include groups and individuals who may be evacuating and sheltering.
CPS personnel located within the exposure zone could also be modelled. Detailed CPS objects would
include road segments, intersections, levee sections, pumps and crews. Emergency crews could be
members of both the CPS and PAR systems depending on whether they are located in the exposure zone.
The micro-temporal resolution could be on the order of minutes or portions of a minute in order to
describe physical processes such as the breaching of diking structure, the structural failure and filling of
homes and the protective actions taken by the PAR.
2.5.4

Systems Process and Functional Models
Systems process and functional models provide the necessary complement to the data models.

The example methods discussed here are systems diagramming methods and functional breakdowns
(Figure 7). Systems analysts have developed a suite of structured systems analysis and diagramming
methods over many decades of systems design and delivery. Some of the early methods developed to
support information systems analysis and general systems engineering include flowcharts, functional
decomposition diagrams, entity-relationship diagrams and data flow diagrams (Blanchard 1991; Martin
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1990; Martin and McClure 1988). In that same period, methods were developed to support risk and
system safety analysis that include fault trees, event trees, decision trees, risk matrices, event sequence
diagrams and system reliability diagrams (Hartford and Baecher 2004; Paté-Cornell 1981; Rasumussen
1975; Swaminathan and Smidts 1999a). Another approach that evolved from software systems
engineering is the use of a generalized systems modelling language combined with computer-aided
analysis and design tools. An important example is the Unified Modelling Language (UML) which was
first developed in 1997 (Booch et al. 1999; Rumbaugh et al. 1999). UML provides a sophisticated suite of
methods to model the structural (static) and functional-behavioural (dynamic) properties of systems. An
example of the use of UML to model community recovery after an earthquake disaster is developed by
Miles and Chang (2006). UML has now evolved into the more general Systems Modelling Language
(SysML) (Object Management Group 2010). SysML is now finding more general use in large scale
systems engineering (Friedenthal et al. 2006). Hallberg et al. (2010) describe the use of SysML to model a
command and control system.
Two structured systems analysis approaches provide a basis for the development of a framework
to model the HAZ, CPS and PAR systems: the Bow Tie Risk Analysis Model and the Hybrid Causal
Logic Method. Both methods use a framework diagram and supporting analytical diagrams. The
framework diagrams will be discussed first. A Bow Tie diagram combines a Fault Tree (FT) diagram
with an Event Tree (ET) diagram.2 Figure 8 presents an example for dam safety risk analysis based upon
an example from Hartford (2007; 2009). The left-hand side is a rotated FT diagram which represents the
hazard. There are a number of possible initiating events that represent circumstances, causes and
scenarios that can create the potential for a dam failure. These are shown as the circled numbers one to
eight. These feed through the FT logic to a single top event in the middle of the figure. The top event is
the undesirable event which can lead to downstream consequences for the community at risk. The righthand side is the ET diagram which shows possible responses to the top event. Possible community
responses are shown leading from the top event to the outcomes. Five outcomes are shown using
numbered diamonds. A number of barriers are also shown in both the FT and ET diagrams. These
describe the engineering, maintenance and operational safeguards put in place by the dam owner, and the
mitigation and preparation activities of the community. The intent of the barriers is to stop the initiating
event, to control the hazard or to reduce potential losses. If an accident does occur, then the pathways in
the ET diagram show what could occur in the trans-impact phase. Since each of the outcomes can be a
quantitative measure of consequences such as loss of life, and since the pathways leading from each node
can be assigned a conditional probability of occurrence, the Bow Tie model provides all of the
information required to answer the three risk questions posed in Section 2.4.3. Examples of the use of the
2

The supporting diagrams are discussed below
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approach can be found in mining safety (Joy and Griffiths 2005), dam safety (Hartford 2009; ICOLD
2010), air transport safety (FAA 2005; FAA 2006) and major hazards regulation (Ale 2002).
Conceptually this diagram addresses three of the questions posed in Section 2.4.6, i.e., "what can go
wrong?", "what are the life safety consequences?" and "what can be done?"
Event Tree
Potential Mortality,
Economic Loss,
Environmental Loss

Events, Circumstances,
Scenarios
1

Undesirable event
with the potential
for harm or damage

1

2

2

4
Top
Event

3

5

Outcomes

Initiating Events

Hazards

3

C
6

Notify

4

Consquences

Fault Tree

7
5
8

Barriers placed to
avoid consequences

Dam Owner: Engineering, Maintenance &
Operations Activities

Community Mitigation and
Preparation Activities

Figure 8 - Example of a Bow Tie Risk Analysis Model (after Hartford (2009)). ©2009 - Elsevier.
Adapted from Structural Safety, 31(2), D.N.D. Hartford, "Legal Framework Considerations in the
Development of Risk Acceptance Criteria" with permission from Elsevier.
The second approach is the Hybrid Causal Logic (HCL) model which has been developed to
analyse space mission safety and flight operations safety. NASA (2002) describes a probabilistic risk
assessment approach that provides "a comprehensive, structured, and logical analysis method aimed at
identifying and assessing risks in complex technological systems for the purpose of cost-effectively
improving their safety and performance." It combines a system hierarchy diagram, FT diagrams and
Event Sequence (ES) Diagrams (Stamatelatos 2004). Groen et al. (2006) similarly describe the
development of a Quantitative Risk Assessment System that also employs a system hierarchy diagram,
FT and ES diagrams. Researchers from the Netherlands describe a parallel development of a system for
flight operations safety called Causal Model for Air Transport Safety (Ale et al. (2009), Ale et al. (2010),
Roelen et al. (2006)). The HCL model described by Groen (2004) and Groen et al. (2006) is presented in
simplified form in Figure 9 for a space mission. There are four main elements: the system hierarchy, the
mission timeline with event sequences, Event Sequence (ES) diagrams and supporting probabilistic and
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quantitative models. The system hierarchy is the starting point. It provides a system decomposition and a
set of initiating events. These correspond to a top event in Figure 8. The analysis of each initiating event
includes supporting FT diagrams which describe the factors that can contribute to that failure event. The
FT diagram can in turn be supported by analytical and probabilistic analyses. Each initiating event can
cause an event sequence which is shown in the mission timeline box. This sequence happens for some
duration during the mission. An ES diagram shows the multiple sequences of events that lead to
consequences. The HCL diagram provides all of the information required to answer the three risk
questions posed in Section 2.4.3. and it also addresses the "what can go wrong?" question posed in
Section 2.4.6.
Systems,
Subsystems, etc.

Initiating
Events

2. Mission Timeline

1. System
Hierarchy

Event
sequences

Consequences

Quantification

FT Diagram

3. Event-Sequence Diagram

4. Probabilistic and Analytical Models

Figure 9 - Hybrid Causal Logic (HCL) Model (modified from Groen et al. 2006). ©2006 - Elsevier.
Adapted from Reliability Engineering and System Safety, 91(3), Groen, F. J., Smidts, C., and Mosleh, A,
"QRAS - The Quantitative Risk Assessment System" with permission from Elsevier.
A number of analytical diagrams that support the Bow Tie Risk Analysis method, the HCL
method and the proposed life safety systems modelling method described in Chapter 3 are discussed
below. The FT diagram is widely applied in Fault Tree Analysis as a systems risk analysis method (FAA
2005; Gadd et al. 2003; Garrick et al. 2008; Hartford and Baecher 2004; Paté-Cornell 1981; Vick 2002).
Haimes (2009) observes that the theory, the method and its use has become so widespread that "no one
chapter can do justice to the subject." An FT diagram consists of three parts: the top event, a middle
section of intermediate events and a set of basic events at the bottom (Figure 10a). The top event is also
an initiating event or a pivotal event for accident or hazard scenarios. A basic event is an initiating fault
or a failure that does not require additional development. Basic events are linked with the top event via
logic gates that include "AND" and "OR" gate types. Figure 10a shows eight basic events which are
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linked using five logic gates in various combinations to the top event. One possible mechanism for
initiating the top event is for events seven and eight to occur together. Figure 10b shows an example of an
FT diagram for dam failure. There are two possible earthquake intensities (EQ1 and EQ2) and two
possible reservoir levels (80% and 100% full). This creates four possible joint events that may lead to a
dam failure. Each basic event can be given a probability of occurrence and this set of probabilities can be
used to develop the probability of occurrence for the top event.
Dam Failure
Top Event

Top Event
Logic
Gates

OR

OR

Intermediate
Events

AND

AND

OR

AND
Basic
Events
a)

1

2

3

4

AND

AND

AND

OR

5

6

7

EQ1

8
b)

R=100%
Earthquake
Magnitude

EQ1

R=80%

EQ2

R=100%

EQ2

R=80%

Reservoir
Elevation

Figure 10 - Fault Tree (FT) Diagram: a) Fault Tree and Symbols, b) Dam Safety Example
The Initiating Event (IE) diagram is similar in form to a systems hierarchy diagram except that it
is rotated ninety degrees counter-clockwise as shown in Figure 11a. This shows a system with two
subsystems, four sub-subsystems and seven initiating events. In principle, each initiating event should
have its own FT diagram. This then provides a means to describe the factors that cause the event and to
estimate its probability of occurrence. But is also possible to use probabilistic characterization such as the
example shown in Figure 11b. This shows the concept of tsunami risk for Seaside, Oregon based upon
work by the USGS (2006) who develop a Probabilistic Tsunami Hazard Assessment (PTHA) approach
that considers a number of source zones and earthquake scenarios from within each zone. The conceptual
diagram shown here shows a possible IE diagram for tsunami hazard for the West Coast of North
America with ten source scenarios from each zone. This yields a total of forty initiating events to assess.
This diagram is called a Master Logic (ML) Diagram by Garrick (2008) and NASA(2002). If the number
of initiating events becomes too large, NASA(2002) suggest that initiating events could be grouped using
some rule such as combining all events that produce a similar system response.
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Initiating Event

IE1
IE10

Kamchatka-Kurils

IE11
IE20

IE1
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IE2

SS B
System
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SS BA
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IE4
IE5

SS AB
SS A

Southern Chile

IE21
IE30

Cascadia

IE31
IE40

IE6

SS AA

IE7

Subsystem
a)

Scenarios
1 to 40

b)

Figure 11 - Initiating Events (IE) Diagram: a) Tree Structure and Symbols, b) Tsunami Example
The ES diagram is used in the HCL model. It describes how a system progresses from an
initiating event through a series of intermediate pivotal events to one of a possible set of system end
states. The specific end states of interest here are morality and survival outcomes. Each pivotal event has
two possible outcomes. Figure 12 shows the layout and symbols used in most ES diagrams developed for
risk analysis. The branching to the right or down is determined by the pivotal events which are posed as
questions. A "yes" outcome continues the process to the right and a "no" outcome branches down and
then right. Two pivotal events are shown here leading to one success state and two damage states. The
damage states could correspond to the schema shown in Table 2 (Section 2.3). In this dissertation, each
path through the flowchart is called a scenario chain. The figure shows a life safety example in which a
CPS monitors for possible hazard events and does or does not detect a progressing event. If the CPS
detects the event then it warns the PAR who can then evacuate.

1: Detect
and Warn?

HAZ

2: Start
Evacuate?

OK

Damage
Level 1
Event Described
Yes
as a Question

Damage
Level 2

No
Branch

KEY

Initiating Event

Pivotal Event

End State

One scenario
chain

Figure 12 - Event Sequence (ES) Diagram
A limitation of the ES diagram as it is used in the HCL model is that the durations of the activities
between the events are not considered. However, a key goal of the integrated approach to assess the
influence of time-dependent HAZ, CPS and PAR system events on CPS reliability. Fortunately the
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original formulation of the ES diagram developed by Swaminathan and Smidts (1999a; 1999b) includes
the concept of deterministic and random time delays between events. The resulting EAS diagram is
shown in Figure 13. The activities that have been added are: monitor, warning process, PAR evacuates,
no evacuation and HAZ not detected-PAR not warned. The rest of the diagram is same as the one above,
but the EAS diagram can be used to develop estimates of elapsed times for different scenario chains. For
example, one possible activity sequence is "Monitor", "Warning Process" and "PAR Evacuates". Each of
these activities has a time span and the total elapsed time is the sum of these values.

HAZ

Monitor

1: Detect
and Warn?

Warning
Process

2: Start
Evacuate?

PAR
Evacuates

OK

No
Evacuation

Damage
Level 1

Event Described
Yes
as a Question
No
Branch

KEY

Initiating Event

Pivotal Event

HAZ not detected,
PAR not warned
Activity

End State

Damage
Level 2
One scenario
chain

Figure 13 - Event-Activity Sequence (EAS) Diagram
The final discussion of diagramming methods describes a method that will be required to support
stakeholder decision-making in the pre-impact and trans-impact phases. Hartford and Baecher (2004)
define an ET diagram as a "graphical representation of the many chains of events that might result from
some initiating event: a few of which, should they occur, would lead to system failure." Paté-Cornell
(1981) states that ET diagrams lay out sequences of events that are linked by conditional probabilities. ES
and EAS diagrams can be converted into ET diagrams so that risk quantification methods can be applied
(NASA 2002). Figure 14 shows an ET diagram developed from the EAS diagram in Figure 13. The
initiator is the hazard event and two response events are shown. E1 is the monitoring event which can
lead to the CSP detecting the hazard and warning the PAR, and E2 shows whether the PAR evacuate or
not. Conditional probabilities, the loss outcomes for each scenario chain and the estimation of the
expected value for Loss of Life are also shown.
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Figure 14 - Event Tree (ET) Diagram
The basic structure of the ET diagram can also be used to develop Decision Tree (DT) diagrams.
DT diagrams are required to support stakeholder decision-making during the pre-impact or trans-impact
phases. Based on an example developed by Vick (2002), Figure 15 extends Figure 14 to include a
possible stakeholder decision that could be made during the pre-impact phase. Three alternatives have
been identified (A1, A2, A3) that describe three mitigation/ preparation options (diking/shelter,
evacuation plan, sheltering plan) that have costs (CA1, CA2, CA3). The dike either protects the community
or it does not, the monitoring/warning does or does not work, etc. It is assumed here that if the
community is not warned then no evacuation or sheltering takes place. A risk analyst can combine
estimates of the node probabilities, consequence and outcomes, scenario probabilities, and mitigation and
preparation costs to develop weighted risk and mitigation cost estimates. The stakeholders now have a
quantitative-probabilistic basis for selecting an alternative.
The HCL diagram, supported by the IE, FT and EAS diagrams, provides a conceptual basis for
developing life safety Systems Modelling Framework in Chapter 3. The HCL diagram decomposes the
sources of hazard, it can represent multiple top events, it can express uncertainty using probabilistic
methods, it considers the time-dependent performance of the system and it uses unbroken sequences of
causal linkages that connect the initiating events to the consequences. The EAS diagram provides the
capability to model the behaviours of each of the HAZ, CPS and PAR systems. The IE and FT diagrams
provide an analytical basis for identifying the factors that contribute to hazard events and for estimating
the conditional probabilities of occurrence. The DT diagram provides a method to use the consequence
estimates to support stakeholder decision-making.

57

2 Literature Review and Synthesis

Alternative

Initiator

Decision
A1: Diking

Response

IE

E1

H

C

E2

Consequences
End State

H

M

E

Decision Node
Chance /
Event Node
End State

Cost Prob'y Outcomes

1

CA1

p(1)

LOL1

2

CA1

p(2)

LOL2

3

CA2

p(3)

LOL3

4

CA2

p(4)

LOL4

5

CA2

p(5)

LOL5

6

etc.

Alternatives

A2: Evacuation

KEY

Costs & Risks

H

"Hazard Event"

C

"Dike Controls"

M

"Detect/Warn"

E

"Evacuate"

S

"Shelter"

A3: Sheltering
H
Tree for
Alternative A3

M

S

7
8

Figure 15 - Decision Tree (DT) Diagram
The second process and functional model topic shown in Figure 7 is the functional breakdown
model. This concept is shown in Figure 2b (Section 2.1) and Table 6 and Table 7 (Section 2.4.4).
Examples of functional breakdowns are shown for emergency management and support services. The
functional breakdown model can provide the building blocks for developing the EAS diagrams.
2.5.5

Analytical, Simulation and Integrated Models
This section surveys examples of mathematical models of the HAZ, CPS and PAR systems. As

shown in Figure 7 this includes analytical models (e.g., statistical and regression, physical-mechanistic)
and simulation models (e.g., discrete event, continuous, agent-based and integrated systems models). Law
and Kelton (1982; 2006) divide mathematical models into analytical models and simulation models. Two
types of analytical model are shown: statistical and regression, and physical-mechanistic. Statistical and
regression models provide system analysts with the ability to develop descriptive statistics from
empirical datasets and to investigate correlation and causal relationships. Examples of methods include
data summary, parameter estimation, parametric and non-parametric testing, statistical classification,
multiple regression and survival analysis (Draper and Smith 1966; Marques_de_Sa 2003). Physical and
mechanistic models use some form of analytic equation that is a function of variables that may be
physical, biological, chemical or other properties of objects. The models can apply the behaviour of one
object or a whole system. The equations might be linear and quadratic functions of two or three
independent variables. If the independent variables are fixed then a deterministic estimate is produced. If
the variables are uncertain random variables then a stochastic estimate is produced. Three types of
58

2 Literature Review and Synthesis
simulation-based model are shown: physical-mechanistic, discrete event and agent-based. The
simulation-based form of the physical and mechanistic models shows how a system can evolve over time.
An example is the use of the shallow water equations to model the propagation of waves on a rotating
sphere. This forms the basis for one of the tsunami wave propagation and run-up models used in Chapter
6. Time-dependent models of public response to warnings or disease transmission can be developed using
differential equations (Ding 2006; Hethcote 2000). Discrete event models describe the time-dependent
evolution of a system using state variables that change instantaneously at different points in time (Law
and Kelton 1982; 2006). These state changes are events as discussed in Sections 2.1 and 2.5.4. If
stochastic models of the time distributions can be developed for each of the scenario chains shown in
Figure 13, then a discrete event MCS model can be used to develop time span estimates for the three
chains shown in the figure. This method will be demonstrated in Section 5.2. The third model type is
agent-based simulation models. This type of model uses an internal structure that creates objects that
can have both data and behaviours. Each object can have objectives, can be fully- or semi-autonomous
and can be aware of and interact with other objects within its spatial, temporal and network environments
(Chen 2003; Ferber 1999; Pederson et al. 2006; Robertson 2005; Tesfatsion 2006; Tolone et al. 2004;
Weiss 1999; Zachariadis 2006). The last model type is integrated simulation models which attempt to
model the full scope of the problem space. These might attempt to model HAZ-PAR interactions, HAZCPS interactions and so on.
A survey of examples of the available models that address different aspects of the problem space
such as mitigation planning, emergency planning, loss estimation and evacuation modelling is provided
below. The full suite of models that have been developed over many decades is extensive. Selected
examples of models for dam failure, tsunami and other hazards that could be integrated using the Systems
Modelling Framework are provided in Table 12. Appendix C reviews additional examples of analytical
and simulation models. A key observation from the review of these models and methods is that there is
currently no single model or set of models that take a fully-integrative approach. Models are generally
developed to address narrow problem domains and are designed with an intent to be integrated into a
common modelling framework. While the models listed in the last row of Table 12 do indeed attempt to
integrate certain aspects of the HAZ, CPS and PAR properties and behaviours into a single approach, they
generally do not incorporate community preparedness or differential vulnerability concepts, do not model
the decision-making processes within EOCs, do not model CI and SI interdependencies and do not model
feedback and control processes between the three primary systems. From a systems engineering
perspective, this is a significant systems integration challenge.
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Table 12 - Examples of Models That Could be Integrated Using a Systems Modelling Framework
Description of Model or Method

X

Analysis of historical mortality during
floods

X

Analysis of historical mortality during
dam failure
X

Flood propagation models (see Chapter
7 and Appendix C)

X

Tsunami propagation models (see
Chapter 7 and Appendix C)

X

X

X

X

X

X
X

X

X

X

X

X

X
X

Tsunami run-up heights as a function of
moment magnitude and distance from
source
Tsunami vulnerability estimation

X

Community vulnerability model,
Estimation of population at risk.
Tsunami forces in the run-up zone
Hazard arrival times using isochrone
maps (i.e. contours of constant hazard
intensity values)
Building response to floods.

Building resistance to pyroclastic flows
Human stability in floodwaters
(theoretical)
X

X

Sources of Examples

Agent-Based

Discrete Event

Physical,
Mechanistic

Physical,
Mechanistic

Statistical,
Regression

Mathematical Model Type
Analytical
Simulation

Human stability in floodwaters
(laboratory)
Car stability in floodwaters

X

X

X

Fragility Curves, Dose-Response
Curves, Object Damage and Loss
Function (ODLF), Object Loss
Frequency

X

X

X

Integrated loss estimation

(DEFRA 2003; Golden et al. 1997;
Jonkman and Kelman 2005; Jonkman and
Vrijling 2008; Jonkman et al. 2008b)
(Brown and Graham 1988; DEFRA 2011;
Graham 1999; Graham 2009; Graham
2010)
(EDF 2000; George 2011; Hervouet and
Bates 2000; Hervouet and Rouge 1996;
Valiani et al. 2002)
(Berger et al. 2011; Bernard et al. 2006;
Cherniawsky et al. 2007; George 2006;
George 2011; George and LeVeque 2006;
Gonzalez et al. 2001; Synolakis et al. 2007;
Titov et al. 2005)
(Abe 1995; Burroughs and Tebbens 2005)

(Dominey-Howes and Papathoma 2006;
Papathoma et al. 2003; Wood 2009; Wood
2007; Wood et al. 2002; Wood and Soulard
2008)
(Beckman et al. 1996; Katada and Yeh
2004; Mooney and Walker 2002; NRC
2007; Waddell 2001)
(Yeh 2006)
(Johnstone et al. 2003; Muzik 1996;
Rabinovich et al. 2006; Wijetunge 2012)
(Becker et al. 2011; Clausen and Clark
1990; Davis et al. 2000; Kelman 2002;
Kelman and Spence 2004; Lorenzen et al.
1975; Roos 2003; Roos et al. 2003;
Sangrey et al. 1975; Smith 1994; USACE
1998)
(Spence et al. 2004)
(Jonkman et al. 2005; Jonkman and
Penning-Rowsell 2008; Keller and Mitsch
1992; Lind et al. 2004)
(Abt et al. 1989; Cox et al. 2004)
(Gordon and Stone 1973; Keller and
Mitsch 1992)
(Hartford and Baecher 2004; Jonkman et al.
2010; Kaplan et al. 1994; Koshimura et al.
2006a; Koshimura et al. 2009; Mander
1999; O'Mahony et al. 2007; Suppasri et al.
2011)
(FEMA 1999a; FEMA 1999b; Kircher et
al. 2006; Scawthorn et al. 2006)
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Description of Model or Method

Sources of Examples

Shelter and evacuation planning, Design
of vertical evacuation sites

(Cova et al. 2009; Emergency Planning
College 2006; FEMA 2008a; Rector 2009;
Sorensen et al. 2004; Yeh et al. 2005)
(Johnston et al. 2005; Lindell and Prater
2010)
(Drabek 1994; Drabek 1995; Drabek 2001)

Agent-Based

Discrete Event

Physical,
Mechanistic

Physical,
Mechanistic

Statistical,
Regression

Mathematical Model Type
Analytical
Simulation

X

X

Assessment of community preparedness

X

Tourist and business responses during
disaster
Household/population response to
warning
Time-dependent evacuation decision
model for managers
Evacuation from buildings

X

X
X
X

X

X

X

Evacuation time estimation

X

X

Macro-resolution simulation of traffic
and traffic management

X

X

Micro-resolution simulation of traffic
and traffic management

X
X

X

X

X
X

X

X

X

X

X

Greenshields' traffic speed-density-flow
equation
Modelling impacts on infrastructure

Agent-based model for hurricane
evacuation
Agent-based model of pedestrian
movement
Integrated Loss and Survival Estimation
Models

(Lindell et al. 2005; Lindell and Prater
2007; Simonovic and Ahmad 2004)
(Frieser 2004; Frieser et al. 2005)
(Gwynne et al. 2005; Hanea and Ale 2009;
Hasofer et al. 2007; Kakegawa et al. 1996;
Pu and Zlatanova 2005)
(Dotson and Jones 2004a; Fu 2004;
Rontiris and Crous 2001)
(Homburger et al. 1992; May 1990;
Wolshon 2008; Wolshon et al. 2005a;
Wolshon et al. 2005b)
(Cova and Church 1997; Cova et al. 2009;
Cova and Johnson 2002; Cova and Johnson
2003; Wolshon and E. Marchive III 2007)
(May 1990)
(Johnson 1999; Mander 1999; Marti et al.
2008; Min et al. 2006; Taylor and
VanMarke 2002; Taylor and VanMarke
2006)
(Chen 2003; Chen et al. 2006)
(Dijkstra and Timmermans 2001;
Schrekenberg and Sharma 2001;
Zachariadis 2006)
(Aboelata and Bowles 2005; Aboelata et al.
2005; Johnstone and Sakamoto 2004;
Johnstone et al. 2005; Katada et al. 2004;
Katada and Yeh 2004)

The final concepts that inform the development of the Systems Modelling Framework can now be
discussed: linear systems theory and control systems theory. A conceptual diagram of a general system
which has states, a set of internal, observation and controller processes, and a system boundary is shown
in Figure 16 for a single system called SYS. This layout is based on conventional system control theory
(Dorf 1981; Dorf and Bishop 2011; Haimes 2009; Stengel 1994). The system has a set of time-dependent
states SX, initial conditions at the start of the trans-impact phase SX(0) and controlling parameters PA.
This is called a state variable or state space representation of a system (Dorf and Bishop 2011; Gabel
and Roberts 1973). The system has three types of inputs, feedback inputs SX, controllable inputs IC and
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external inputs IE. The system produces outputs SY that can affect other systems. The external inputs and
the system outputs cross the system boundary. The SYS controller requires information about the state of
SYS but it can only observe the system state via an observer process. The system outputs SY can be
affected by measurement errors SE so the inputs to the control process are SZ rather than SY. The control
parameters PA govern the intended behaviour of the system during a ROHI hazard event. Since this
approach will be used to model three systems - HAZ, CPS and PAR - the outputs SY from one system are
part of the set of uncontrolled inputs IU to the other systems. There are no other exogenous inputs that can
affect the behaviour of a system.
Controlling
Signals

Observations
affected by
measurement errors

SYS
SYS
Controller
PA

System
Boundary
SE

IC

IE

SYS
Internal States and
Processes
SX(0), SX

SY

SZ

SYS
Observer
(SO)

SY
SX

External inputs
from other
systems

States, Processes
and Behaviours

Outputs to
Other Systems

Internal
Feedback

Key

Observable
system properties

PA = Control Parameters
IN = Inputs
IC = Controllable inputs
IE = External inputs
SX = Dynamic system states
SX(0) = Initial conditions
SY = Process outputs
SZ = Observations
SO = Observation method
SE = Measurement errors

Figure 16 - System Simulation Notations: Systems States, Observer and Controller Processes
The time-dependent system state variables SX can be used in combination with dynamic
equations or simulation models such as those listed in Table 12 to estimate the future states of the system,
subsystems and objects. A common method for formulating the system responses and system outputs is to
use a system state differential equation, a system output equation and an observation equation (Dorf and
Bishop 2011; Gabel and Roberts 1973; Stengel 1994):

SX c SA  SX  SB  IN
SY SC  SX  SD  IN
SZ

(1)

SO  SX  SE  SX
62

2 Literature Review and Synthesis
where SX and IN are vectors of the system states and inputs, SY is the output equation, SZ is the
observation equation, SX' is the first derivative of the system states with respect to time and SA, SB, SC,
SD, SO and SE are matrices with coefficients that define the system behaviour, system outputs and
observation outputs. By specifying the initial system states SX(0), the controlling parameters PA and the
governing matrices SA, SB, SC, SD, SO and SE , the system behaviours can be modelled and the outcomes
can be estimated.
The underlying representation of system behaviour can employ a continuous time or discrete time
approach (Dorf and Bishop 2011; Gabel and Roberts 1973) and it is assumed that the coefficients and
parameters of the governing equations that describe each of the systems are time-invariant during the
time-span being modelled. This also assumes that the system behaviours are linear. Two conditions must
be satisfied for this to hold: homogeneity and superposition (Gabel and Roberts 1973). Homogeneity
holds if SX(t) Æ SY(t) then DSX(t) Æ DSY(t). Superposition holds if SX1(t) Æ SY1(t) and SX2(t) Æ SY2(t)
then if SX1(t) + SX2(t)Æ SY1(t) + SY2(t). But this is not in fact the case for some of the subsystems and
objects being modelled. For example, the Greenshields model of traffic flow uses a non-linear flow-speed
relationship (May 1990). The issue of non-linearity can be addressed in some cases using piecewise linear
approximations for the range of variables being modelled (Dorf and Bishop 2011; Liu 2007). Another
important requirement is that the system behaviours must be causal. All future behaviours of a system
can only be determined by past and current inputs but not future inputs (Gabel and Roberts 1973). This
has two implications. First, all factors that determine systems behaviours in the trans-impact phase must
be included in the set of initial conditions provided to the model at t = 0. Second, since the systems
behaviour models must represent pivotal events, the bifurcation points will lead to different scenario
chains and possibly very different outcomes. Each scenario chain must be modelled separately in order to
preserve causality.
The time-dependent system behaviour outcomes can be visualized in a state-space which plots
the trajectory of a system's behaviour from a starting state to an ending state as a function of time. A
related concept is the phase space plot which can be used to show the trajectory of a system's behaviour
starting from any point in an n-dimensional space of system variables. The use of state-space and phasespace methods to analyse systems behaviours is used in a number of domains including general systems
modelling (von Bertalanffy 1968), control systems (Dorf and Bishop 2011), and the analysis of non-linear
dynamical and chaotic systems (Strogatz 1994; Strogatz 2001). Visualizations of the system-level
behaviours of the PAR system including time-dependent mortality and survival outcomes will be
developed in Chapters 5 and 7.
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2.6
2.6.1

Concepts for the Development of the Life Safety Measures
Decision Context and Measures of Merit
Given that a CPS can require the commitment of significant financial resources and that the CPS

can have both positive and negative impacts on a community and its environment, the assessment of
alternatives is a multi-objective decision problem. Figure 17 shows a decision context in which
stakeholders have defined a set of life safety, technical, environmental and financial objectives. This
creates an objective space for assessing alternatives. The financial measures might consider capital,
design and operating costs and short-term and long-term benefits, the environmental measures might
assess the protected land area and the life safety measure might estimate the number of people protected.
Given that these measures are non-commensurable the multi-objective decision process must provide a
method to combine them for assessment (Haimes 2009; Keeney 2007; Keeney and Raiffa 1993;
McDaniels and Small 2004; Simonovic 2011). This dissertation will develop a limited set of examples
that demonstrate how the Life Safety Measures could be used within a decision context.
Decision
Context

Objectives

Decision
Process
Stakeholders

Life
Safety

Measures of
Effectiveness
Measures of
Performance
Dimensional
Parameters

MOE

MOP

MOP

Financial

System

Subsystem

Subsystem

DP

DP
Measures of Merit

Environmental

Object
System Model

Figure 17 - Decision Context, Measures of Merit and Systems Models
Figure 17 also shows the concept of Measures of Merit that can be used to estimate how well a
CPS meets a life safety objective. This might be a quantitative measure such as the number of people
protected, a probabilistic measure such as the probability of success or combinations. The figure shows a
hierarchical system decomposed into subsystems and component objects. NATO (2004; 2005a) describe
the use of the Measures of Merit framework to estimate the expected performance of small-scale
operations that combine military operations and humanitarian activities. The Measures of Merit
framework uses a hierarchy of Measures of Effectiveness (MOE), Measures of Performance (MOP)
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and Dimensional Parameters (DP). The DPs are lower-level measures that describe essential physical
properties of subsystems or objects, the MOPs measure how well an object or subsystem accomplishes an
assigned task and MOEs can measure how well a system accomplishes its assigned task within an
operational context. DPs can be used to develop an MOP and MOPs can be used to develop an MOE. An
MOE should be goal-oriented, discriminatory, objective, measurable, simple and meaningful to
stakeholders (NATO 2005a). The DPs, MOPs and MOEs can be estimated using systems models. Given
that the two hierarchies and the connections between them can be made explicit, this provides a clear
audit trail from detailed information about the systems to the estimated life safety effectiveness. This will
make the measures more transparent and allow analysts to assess the impacts of uncertainties on
outcomes.
In addition to developing general-purpose Life Safety Measures for CPS, this dissertation will
also explore the estimation of two specific measures that will be called evacuability and shelterability.
The concept of evacuability appears to have been first suggested in the context of analysing risk posed to
passengers of sea-going vessels from fire and sinking hazards (Konovessis 2006; Vassalos et al. 2001;
Vassalos and Vassalos 2004). Similar to the ROHI hazard problem, the researchers observe that there are
few historical data about ship evacuations that can be used to develop empirical models for assessing
current and future ship designs and they conclude that simulation-based methods must be used to develop
life safety evacuability estimates for the passengers. They describe an approach that develops estimates as
a function of initial conditions and evacuation dynamics (Vassalos and Vassalos 2004). This same
concept could be applied here to estimate the ability of a CPS to help the PAR evacuate or shelter-inplace. Evacuability would assess the life safety of a full community evacuation in the face of a ROHI
hazard event and shelterability would assess the life safety of having the full population shelter-in-place.
2.6.2

Reliability, Time-Dependent Reliability and Uncertainty
This section discusses the following related topics: reliability, uncertainty, methods for

calculating reliability, system reliability, time-dependent reliability and time-dependent decision-making.
The discussion of reliability begins by considering a structural analysis problem. Melchers (1999)
discusses the possible responses of an engineered structure to loading that include excessive deflections,
cracking, instability and collapse. These might then be classified into requirements that define limit states
such as serviceability (e.g., disruption of normal use), damage (e.g., cracking, deformation) and ultimate
(e.g., collapse of all or part of a structure) (Melchers 1999). Structural reliability attempts to estimate the
probability that a limit state will be violated at some point in time during the asset's lifecycle. This can be
expressed as a reliability problem in which one load (or demand) S is resisted by one resistance (or
capacity) R. Both S and R have the same units and are described as random variables with probability
distributions fS( ) and fR( ). The object will fail for any case where the load equals or exceeds the
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resistance. The probability of failure is therefore pf = P(R d S) = P(R -S d 0). The safety margin Z = R - S
measures the excess resistance in comparison to the stress or loading level. The random variables S and R
could be used to express more generally the capacity of any object or subsystem and the demand placed
on it.
Melchers (1999) introduces a general limit state function G( ) which is a function of S and R.
The probability of failure becomes pf = P[G(R,S) d 0]. If a joint bivariate density function fRS(r, s) can be
defined for the domains of S and R then the failure probability for the object is:

pf

P > R  S d 0@

³³

f RS r, s drds

G r , s d0

(2)

which integrates the bivariate probability density function within the failure domain. Melchers (1999) and
Ditlevsen and Madsen (2005) discuss an approach for integrating fRS(r, s) if S and R are independent and
their marginal distributions can be developed. Melchers (1999) observes that it is rarely possible to
integrate Equation (2) analytically; however, in the special case where S and R are Normally-distributed
random variables with means PS and PR, standard deviations VS and VR, and correlation URS then the mean
and variance of the safety margin Z can be calculated as follows:

PZ

P R  PS

(3)

V 2Z V 2R  2URSV RV S  V 2S

(4)

where PZ is the mean of the safety margin and V2Z is the variance of the safety margin. Assuming that the
random variables R and S are uncorrelated and substituting into Equation (2) yields:

pf

P > R  S d 0@ P > Z d 0@

ª  P P º
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R
S
«
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2
»
¬ VZ ¼
¬ V R V S ¼

(5)

where )(u) is the CDF function for a Normal (0,1) Distribution and E is the safety index or reliability
index. Here this will be called the Safety Margin Method. Equation (5) is credited to Cornell (1969).
Melchers (1999) develops a generalized reliability problem formulation which assumes that a
generalized limit state function G(U) can be defined where U is an n-dimensional vector of all relevant
input variables and G( ) expresses some relationship between the limit state and the input variables. The
equation G(U) = 0 now defines the boundary between the safe and loss domains. The vector U = u is a
particular point in the input variable space. The function fU (u) defines the joint probability density
function for the n-dimensional vector U and Equation (2) becomes the generalized reliability equation:
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pf

P >G(U ) d 0@

³" ³

G U d0

f RS u du

(6)

The load variable S and the resistance variable R are now implicit in the input vector U. Three approaches
can be used to evaluate the integral in Equation (6): direct integration, numerical integration (simulation)
and transforming the integrand to a multi-normal joint distribution (Melchers 1999). Because of the
number of input variables and possible complexities of the limit state function the direct integration
approach is rarely feasible. The integration operation is usually performed using the latter-two
approaches. A variety of numerical integration (approximation) techniques are described in the literature
(Ditlevsen and Madsen 2005; Foschi 2004; Ghiocel 2005; Melchers 1999; Thoft-Christensen 2005).
These include: direct and numerical integration, Monte Carlo Simulation (MCS), Importance Sampling,
Adaptive Sampling, Directional Sampling, search techniques and Response Surface Method. A number of
different methods have also been developed that simplify the integrand. These use first-moment and
second-moment information about the random variables in combination with first-order (linear) and
second-order (quadratic) approximations of the limit state functions (Ditlevsen and Madsen 2005; Foschi
2004; der Kiureghian 2005; Melchers 1999; Thoft-Christensen 2005). Specific methods include the:
First-Order Second Moment (FOSM) Method, First-Order Reliability Method and Second-Order
Reliability Method. These procedures transform the input random variables into Normal, uncorrelated
variables and the effectiveness of the approximation is also determined by the non-linearity of the limit
state function G(U) (Foschi 2004; der Kiureghian 2005). While reliability will play a fundamentally
important role in the formulation of the Life Safety Measures these concepts are being applied in a new
context. Therefore, only more basic estimation methods such as the safety margin method, the FOSM
method, MCS and the Response Surface Method will be used to demonstrate how life safety for a CPS
can be estimated.
A number of additional reliability concepts will also be employed by the dissertation. These are:
indicator functions, Design of Experiments, response surfaces, system reliability and time-dependent
reliability. The indicator function I[ ] can be used to give a limit state function a more general
interpretation by applying a utility function (Melchers 1999) which transforms G(U) into either a value of
zero or one. This function is also used to identify the integration domain for the MCS method (Ditlevsen
and Madsen 2005; Gray and Melchers 2006; Melchers 1999). Here the indicator function will be used as a
utility function that converts life safety estimates of probabilities of failure to a one for survival (i.e., high
utility) and to a zero for loss (i.e., low utility) as a function of a stakeholder-specified minimum allowable
failure probability. A Design of Experiments specifies a set of input vectors U in order to model and
assess possible system responses and the input vectors may attempt to cover a design space in an efficient
manner (Draper and Smith 1966; Zhang and Foschi 2004). The Design of Experiments can support the
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development of a response surface. Examples of design types include: linear, quadratic, saturated, fullfactorial, central composite and Latin Hypercube designs (Bucher and Macke 2005; Zhang and Foschi
2004). Reliability analysis can work with an actual performance function G(U) or with an approximation
of the function using a fitted response surface. This approach may be required when the G(U) function is
non-linear in some of the input variables or the response values need to be transferred from a finite
element analysis to a reliability analysis (Foschi 2004). Response surface methods are discussed by
Bucher and Macke (2005), Schultz at al. (2010) and Youn and Choi (2004).
System reliability is used when the composite performance of multiple objects, subsystems or
systems must work together. The fundamental building blocks of the approach consider system objects in
series, in parallel and in combination. In a series system, the failure of any one component will cause a
system failure. In a parallel system with n elements, some subset or all of the elements must fail in order
for the system to fail. System reliability concepts will be used to model different types of causal chains
that represent the behaviours of the HAZ, CPS and PAR systems.
Many reliability analyses assume that the input vector U is time-invariant but is also valuable to
analyse time-dependent reliability. This might be required to model long-term processes such as
corrosion, fatigue and extreme loads as a series of pulses. Melchers (1999) formulates this problem by
making the safety margin function time-dependent, i.e., Z(t) = R(t) - S(t). Equation (2) now becomes:

pf t

P ª¬ R t d S t º¼ ;  t  > 0 o t L @

(7)

where R(t) could describe a progressive decline in a structure's strength, S(t) describes the possibility of a
rare extreme load condition and [0otL] denotes the lifetime of the structure. At some moment during this
time span there may be an outcrossing event in which the structure's capacity is exceeded by the hazard's
demand and the structure moves into the loss domain (i.e., fails, collapses). Melchers and Beck (2005)
survey a number of time-variant reliability concepts such as single and multiple loads, upcrossing and
outcrossing rates. They note that estimating outcrossing rates for general systems problems remains a
challenging problem. The Life Safety estimation problem has important differences from the methods
described by these sources. In the life safety case, the PAR start in danger and move to safety, so this
could be viewed as a time-dependent incrossing event to the safety domain. In addition, the processes
that contribute to the loss of structures, people and vehicles will be functions of the hazard plume rather
than a longer-term stochastic process. Both outcrossing events (to estimate the timing of a loss) and
incrossing events (to estimate the realization of safety) can be used in the estimation process.
Uncertainty can be found in all aspects of the life safety estimation problem. Nikolaidis (2005)
provides a definition in the context of decision-making:
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"We can define uncertainty indirectly based on the definition of certainty. Certainty, in the
context of decision theory, is the condition in which a decision maker knows everything needed in
order to select the action with the most desirable outcome. This means that, under certainty, the
decision maker knows every available action possible and the resulting outcome. Uncertainty is
the gap of what the decision maker presently knows and certainty. When there is complete
ignorance, uncertainty is maximum" (Nikolaidis 2005).
But not all uncertainty relates to decision-making. There can be uncertainty inherent in natural systems
such as variations in weather severity, the magnitudes of earthquakes and the strength of a beam. There
can also be uncertainty in our models of these systems and the data that they use. Uncertainty is discussed
in many contexts including: flood risk analysis (Baecher 2009; Baecher et al. 2000; Samuels 2005;
USACE 1992), dam safety (Hartford and Baecher 2004; Wahl 2004), structural analysis and earthquake
protection (Coburn and Spence 1992; Melchers 1999), building fire safety (Notarianni 2002), general
engineering design and systems engineering (Ayyub 2001; Haimes 2009; INCOSE 2007; Nikolaidis
2005; Noor 2005; Vick 2002), system simulation (Oberkampf et al. 2001) and decision theory and expert
judgement (Bedford et al. 2006; Cooke 1991; Keeney and Raiffa 1993; Tversky and Kahneman 1974).
It would be useful if there was a general taxonomy of uncertainty that could be applied to the life
safety estimation problem. A number of taxonomies have been proposed (Haimes 2009; Hartford and
Baecher 2004; Melchers 1999; Nikolaidis 2005). The uncertainty terms discussed include: aleatory,
ambiguity, blind error, blind ignorance, complexity, conflicting evidence, conscious ignorance, data,
cultural, decision, epistemic, estimation error, external, functional, fundamental, fuzzy, human error,
human factors, information, individual, internal, irreducible, measurement error, model, modelling,
objective, parameter, phenomenological, physical, prediction, random, reducible, reasoning, resolution,
sensor, social, spatial, statistical, stochastic, subjective, temporal and vagueness. Figure 18 provides a
schematic of the primary uncertainty concepts that guide this research. These are defined below.

Uncertainty

Natural Variability
(Aleatory)

Knowledge Uncertainty
(Epistemic)

Decision Model
Uncertainty

Temporal

Model

Objectives

Spatial

Parameters

Values

Figure 18 - Uncertainty Categories (Hartford and Baecher 2004). ©2004 - Thomas Telford. Used with
permission.
Natural variability is associated with the inherent randomness of a system. It can also be called
random or stochastic uncertainty. The terms variability, luck, chance and aleatory uncertainty are also
used. Aleatory means "dependent on the throw of a die" (OED 2011). In principle, natural variability is
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irreducible but it can be characterized through study (Notarianni 2002). Natural systems can manifest
themselves as temporal variability of the property of a system that occurs at a single location over time,
as spatial variability of the properties of a phenomena across a number of locations for a single time and
together as a spatio-temporal variability (Hartford and Baecher 2004). It may be possible to model the
natural variability of a system using mathematical techniques. Knowledge uncertainty can arise due to a
lack of data or a lack of knowledge about events in the real world that limits our ability to model the real
world (Hartford and Baecher 2004). Knowledge uncertainty is sometimes called subjective, internal or
epistemic uncertainty. Episteme is scientific knowledge or a system of understanding and epistemics is
the scientific study of knowledge (OED 2011). In principle, epistemic uncertainty can be reduced by
gaining more data, information or knowledge. Two types of epistemic uncertainty are shown in the figure:
model uncertainty and parameter uncertainty: "Model uncertainty has to do with the degree to which a
chosen mathematical model accurately mimics reality; parameter uncertainty has to do with the precision
with which model parameters can be estimated" (Hartford and Baecher 2004). Aleatory and epistemic
uncertainties can interact. For example, a change in the long-term behaviour of a watershed could be due
to changes in global meteorological conditions (aleatory-temporal), changes in land use and ground cover
(aleatory-spatiotemporal), changes in how the watershed is measured (epistemic-parameters), how it is
modelled (epistemic-model) or combinations. Decision model uncertainty describes an inability of the
stakeholders and decision-makers to understand objectives that society holds important or to understand
how alternative projects and designs should be evaluated (Baecher et al. 2000). This third type of
uncertainty relates to the decision-making context shown in Figure 17 (Section 2.6.1). As noted in that
section, a limited set of examples of the use of the Life Safety Measures to support decision-making will
be developed here. The deeper aspects of decision model uncertainty will not be explored here. The
concepts of natural variability and knowledge uncertainty will inform the development of the Life Safety
Measures in a number of ways. The most important is the acknowledgement that a reliability-based
approach must be taken in order to estimate the performance of a CPS. Natural variabilities pervade each
of the three systems and there are many knowledge uncertainties about the behaviours and interactions of
the HAZ, CPS and PAR systems.
The final reliability discussion addresses the problem of time-dependent decision making under
uncertainty in the trans-impact phase. Emergency managers can be faced with the problem of deciding
whether to declare a mandatory evacuation for a community in the hours or days before the hazard is
triggered. This can occur for progressive dam and dike failures, industrial accidents, volcanic eruptions
that can cause lahars and approaching high-intensity storms. Some decision-makers may want to trade off
the value of delaying the evacuation decision to allow time to gather more information versus the costs of
evacuation and potential mortality. Pauwels et al. (2000) observe that there can be value in delaying an
evacuation for a certain period in order to allow time to gather more information about the hazard, the
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potential magnitudes and intensities and the actual threat to the community. If the evacuation is declared
and there is no hazard event then the decision-maker has caused unnecessary economic loss (to some
observers). If the evacuation is not declared and the hazard occurs, then the delay will have contributed to
loss of life. Frieser (2004) and Pauwels et al. (2000) model this problem using a multi-period evacuation
decision tree. The lead time LT before the anticipated flood event and the time spans between each
decision-making meeting are fixed decision time periods. Two decision-types are modelled: the decision
that is made when the initial information is first received and the decisions made after waiting a number
of decision time periods using additional information. At the start of each day the decision-maker is
provided with estimates of the evacuation costs and the possible loss of life. As time moves forward the
cumulative costs of evacuating will go down but the estimated mortality might go up. In the last time
period before the possible hazard event time the decision-maker can make one last choice whether or not
to evacuate. The event either does or does not happen by the end of the next time period. Pauwels et al.
(2000) note that the "evacuate" decision is irreversible and the "wait" decision is reversible until the last
available decision point. If the information does not change between time periods then a rational decisionmaker would not choose to wait in period n and then change the decision to evacuate in period n-1
because the first option of evacuating sooner would dominate the second option of evacuating later.
Therefore, a decision-maker that chooses to delay will continue to do so unless information about the
hazard, the evacuation or the losses has changed. Keeney and Raiffa (1993) discuss a similar context in
which a pre-impact decision model was developed to assess the value of equipment response times for
fighting fires in New York City. This model uses a five-attribute utility function that estimates the value
of response time to a typical fire as a function of a particular piece of equipment (e.g., an engine truck, a
ladder truck) and of other supporting vehicles. In microcosm, this approach models the time-dependent
provision of protection by a CPS system to a PAR system.
The general time-dependent decision problem provides an important context for the development
and application of the Life Safety Measures. During the trans-impact phase of a ROHI disaster event,
emergency managers must decide what resources should be deployed, when and where they should be
deployed, when they need to tell the PAR to take protective action and which actions they should take
under strict time constraints. These concepts will contribute to the formulation of the measures in Section
4.3.6 and an application of the approach is provided in Section 5.11.
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Development of a Systems Modelling Framework for Life Safety Estimation
This chapter develops a Systems Modelling Framework to guide the analysis, modelling and

simulation of the HAZ, CPS and PAR systems. Section 3.1 relates the three Performance Modelling
Systems to their broader world contexts. Section 3.2 develops a synthesis of the stakeholder processes and
develops a systems-level functional model for the CPS. Section 3.3 discusses the various data structures
that are required to develop the systems models and describes some of the integration challenges that can
be faced. Section 3.4 describes the proposed framework.

3.1

World Systems, Performance Modelling Systems and Systems Behaviours
Three World Systems which form the basis for life safety estimation are introduced in Section

2.1: the Earth Physical and Biological System, the Human and Socio-Economic System and the Built
System. These three systems describe the physical, ecological, economic and social contexts for Life
Safety Analysis. They are not directly amenable to the life safety estimation problem because it is not
clear which World Systems objects are associated with each of the HAZ, CPS and VUL systems. World
System objects can be mapped to the Performance Modelling Systems as shown in Figure 19. The rows
correspond to the World Systems and the columns to the Performance Modelling Systems. Inventories of
the objects (i.e., systems, subsystems and objects) that make up each World System can be developed as
shown in the first column. Objects from the Human and Socio-Economic System include: a Person, an
Operator, an Insurer, a Regulator and a Government. World systems objects can be mapped to the
Performance Modelling Systems. Objects that contribute to the creation of a hazard can be grouped into
the HAZ system model. Examples of how these objects can contribute to flood hazard are shown in the
HAZ column. Objects that contribute to life safety protection are combined into the CPS system model.
Objects that are vulnerable to damage or loss are combined into the VUL system model. The VUL system
of particular interest in this dissertation is the PAR system. As discussed in Chapter 2, the PAR system
model considers individual, place, social, economic and other aspects of vulnerability. The PAR system
concept places people and their communities on an equal footing with the HAZ and CPS systems.
Objects can be members of more than one World System and more than one Performance
Modelling System. For example, water control systems can combine the capabilities of the Built System
and the Earth Physical and Biological System. A dam is a technological object but its catchment and
reservoir are natural containers that are not engineered structures. In terms of the Performance Modelling
Systems, a dam can be a member of the CPS system as a source of protection, and also a part of the HAZ
system as a source of danger should it fail. All people are members of the Human and Socio-Economic
System but only some of them are part of the Built System as employees at industrial facilities, a part of
the HAZ system as facility operators (i.e., potential for human error) or as members of the CPS (i.e., a
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well-trained employee who can help identify and prevent a disaster). All people located in the hazard
impact zone are members of the PAR system (i.e., the same employees could be injured or killed should
an accident occur).

Performance Modelling Systems

HAZ

CPS

Component, Subsystem,
Systemic and
Pan-Systemic Failures

"System of
Systems"

Population at Risk

Event triggered by
Accident, Misoperation, or
Purposeful Intent of One
or More People

Government
Social Networks
Insurer
Operator/Technician
First Responder

Citizen
Student
Patient
Visitor
Tourist

Social Infrastructure
Critical Infrastructure

Pan-Systems Failure
(cascading, escalating,
common cause)

Fire Department
Emergency Mgmt Org
Social Connections

Manager
Operator, Crew
First Responder

Roads, Power
Communications
Water Supply
Vehicles

Power System Failure
Control System Failure
(cascading, escalating,
common cause)

Roads, Power
Communications
Water Supply
Fire Trucks
Buses, Aircraft
Tsunami Wall

Infrastructure
Roads
Power
Communications
Water Supply

Critical Infrastructure
Dam & Reservoir
Levee, Dike

Dike Failure
Dam Failure (piping,
overtopping, procedural)

Dam & Reservoir
Diking System

Dams, Levees, Dikes

Topography
Water bodies
Storms
Earthquakes
Animals, Fish

Extreme Rainfall
Earthquake
Tsunami
Volcano

High Ground
Mangrove Forest

"Objects": Systems,
Subsystems and
Components

Person

World Systems

Operator
Human and
Insurer
Socio-Economic Regulator
Government
System

Built
System

Earth
Physical and
Biological
System

VUL
PAR

Environment
Water Sources
Fisheries, Habitat

Performance systems overlaps not shown for simplicity

Figure 19 - Mapping of Objects Between World Systems and Performance Modelling Systems
A primary goal of the system modelling framework is to provide a common basis for developing
models that describe the time-dependent behaviours and interactions of the HAZ, CPS and PAR systems.
Figure 20 shows the three systems in their simplest form. Energy, matter (e.g., water, chemicals, materials
and biological agents), information and control signals move across the links between the systems. The
time-dependent systems behaviours are described in terms of states, interactions and outcomes. The
horizontal axis for all three graphs is time during the trans-impact phase. The dependent variable for the
HAZ system is the intensity of the hazard's plume, for the CPS the dependent variable is its operational
state during the event and for the PAR system the dependent variables are summaries of loss and survival
outcomes (i.e., end states). Interactions between the systems are shown via the numbered lines. The figure
shows one possible sequence of events: 1) the behaviour of a hazard source changes such that its intensity
increases above a detectable threshold level which in turn triggers a change in the state of the CPS to
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"aware"; 2) the CPS decides to monitor the hazard more closely; 3) the hazard danger level continues to
rise until the CPS confirms an imminent threat; 4) the CPS warns the PAR which also becomes "aware",
the population begins to take protective action, and the number of people who are "OK" begins to
increase; 5) the hazard arrives at the community and causes some level of mortality; 6) the trans-impact
phase ends and the final mortality (NLOL) and survival (NOK) outcomes are realized; and 7) the CPS begins
rescue, relief and recovery operations.
Systems and Interactions

CPS

HAZ

Behaviours: States, Interactions and Outcomes
Time-Dependent
Hazard Intensity

HAZ

PAR

Time

CPS

1

2

3

Systems
Interactions

6

CPS States
Observable
System
Behaviours

Linkages: Flows of Energy,
Materials, Communications
and Control

Time

PAR

4

5

7

NLOL
NOK

Loss & Survival
Outcomes
Time

Trans-Impact Disaster Phase

Figure 20 - Systems States, Interactions, Behaviours and Outcomes
The three systems-of-systems shown in Figure 20 can be decomposed into a number of primary
systems as shown in Table 13. The HAZ systems are primarily ROHI hazards such as lahar and tsunami.
The earthquake hazard is included because it can cause tsunami or dam failure. The nuclear hazard is
included as a secondary hazard to earthquake and tsunami. Ten examples of CPS systems are listed. Each
might be funded and maintained by different stakeholders at the national, regional or community levels.
For example, the weather forecast system might be a national system and the warning, evacuation and
sheltering systems might be the responsibility of local government. CI assets such as dams and nuclear
plants can be owned and operated by private corporations or national agencies. The PAR systems show
communities of three different sizes: cities, towns and an elementary school population.
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Table 13 - Examples of Primary Systems
HAZ

CPS

TOR: Tornado
LAHAR: Eruption and lahar
EQ: Earthquake
TSU: Tsunami
NUC: Nuclear Plant
DAM: Dam Failure
FLOOD: Extreme Flood

PAR

FOR: Weather Forecast System
DET: Hazard Detection System
WARN: Community Warning System
EVAC: Evacuation System
SHEL: Sheltering System
FOOD: Food Inspection System
DIKE: Diking System
INS: Regulation and inspection
REP: Repair
DAM: Dam and Reservoir

CITY: City Population
TOWN: Town Population
ELEM: School population

The primary systems listed in Table 13 can be combined in various ways to show the possible
contexts for the design of a CPS. Examples are developed in Table 14 using tornado, tsunami, flood and
dam failure. The PAR systems are given names AA through PP. The first example assumes that a tornado
can affect Towns AA and BB. The CPS uses forecasting, detection, warning, and sheltering systems to
protect the PAR. The forecasting function can raise the awareness of the population the towns. Even if the
forecasting system does not work the local detection system might identify an approaching hazard and
initiate evacuation and sheltering before the hazard hits the community. The second example considers
two cases (A and B) in which a primary earthquake hazard is followed by a secondary tsunami hazard.
Nine towns 'CC' to 'LL' could be affected. This CPS also uses a linear approach that employs a sequence
of detection and warning followed by evacuation or sheltering. The planned protective actions within
each of the towns may differ depending upon whether it is more effective to evacuate or shelter. The 'A'
case consider only earthquake damage followed by tsunami damage. The 'B' case also considers a nuclear
accident that leads to the release of radioactive materials. This requires the CPS to mobilize food
inspection services to ensure that radioactive materials do not enter the food chain.
Table 14 - HAZ-CPS-PAR Systems Combinations
Main
Hazard

#

HAZ

CPS

PAR

Tornado

-

TOR

FOR + DET + WARN + SHEL

TOWN AA & BB

Tsunami

A

EQ + TSU

DET + WARN + EVAC + SHEL

TOWN CC to LL

B

EQ + TSU + NUC

DET + WARN + EVAC + SHEL + FOOD

TOWN CC to LL

Riverine
Flood

A

FLOOD

DIKE

ELEM MM

B

FLOOD

FOR + DET + WARN + EVAC

ELEM MM

Flood and
Dam
Failure

A

DAM

INS + REP

CITY NN, OO & PP

B

FLOOD

FOR + DET + DAM

CITY NN, OO & PP

C

FLOOD + DAM

DET + WARN + EVAC + SHEL

CITY NN, OO & PP

The third example considers two approaches to protecting Elementary School MM from a
riverine flood. The first CPS uses a diking system and the second CPS uses flood forecasting, detection,
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warning and evacuation systems. The capital investment for the first CPS will typically be much higher
than the second. One can ask which CPS is more reliable? A dike is a passive design that is "operational"
all of the time; however, it may be uncertain as to whether the dike is sufficiently high and strong to meet
the demands of an extreme flood. The second CPS is an active design that requires each system to operate
successfully in sequence within a certain time period. Possible modes of failure for the second CPS
include: forecasting failure, detection failure, warning failure and the failure of handovers between each
system. Both systems would require ongoing inspection and maintenance.
The fourth example consider the problem of dam failures and floods. The first case shows the
situation in which dam safety inspection program has detected a structural problem with a dam. The dam
owner has completed the required repairs and the structural deficiency has been removed. The second
case considers the use of a dam and its reservoir to control an extreme flood and to reduce downstream
impacts on Cities NN, OO and PP. Since the capacity of the reservoir is sufficient in this case, there is no
need for the communities to evacuate or shelter. The third case considers the situation in which the dam
fails; however, the dam operator is able to detect the impending failure and warn the communities. This
allows time for the communities to evacuate or shelter. Each city may have its own response strategy.

3.2

Development of System-Level Functional Models
Three system-level functional models are developed here, one for each of the HAZ, CPS and

PAR systems. Since the HAZ system typically does not have a purpose or objectives (except perhaps for
wilful hazards), the functional model describes the basic behaviours of the HAZ system. Five functional
behaviours can be observed for most ROHI hazard events that have a propagating plume of energy or
materials: initial signs, formation, propagation, impact within the community and recession (Figure 21).
The sequence of propagation, impact and recession may produce multiple pulses such as for tsunami. A
technical hazard can have more complex behaviours that are dependent on each hazard type. For example,
dams of different construction types have their own failure modes (e.g., piping, overtopping, slope
instability, liquefaction, mis-operation (Rico et al. 2008)) and each mode can have its own behavioural
sequence. If the hazard is created through a combination of multiple hazard sources, e.g., earthquake,
major rainfall and structural failure of a dam, then detailed HAZ functional breakdowns must be
developed for each of the systems and the possible combinations must then be enumerated.
A basic PAR system functional model for the trans-impact phase can similarly be developed.
Given that each person generally begins in an unaware state, the default functional behaviours at the
beginning of the trans-impact phase is whatever each person is doing at that particular time of day, week
and year. An individual could be at home, at school, working, shopping, driving or visiting. All of these
behaviours can be combined under "regular activity" during which time the person is unaware of the
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hazard. The primary behaviours once people become aware are: decide, wait, mobilize, shelter-in-place
and evacuate (Figure 21). The decide function is the same as the multi-period evacuation decision process
described in Section 2.6.2 for the emergency managers. The leader of each group must spend time
deciding whether or not to act. Depending upon the decision the next action is either to wait for more
information or to spend time mobilizing to either shelter-in-place or evacuate. The mobilization function
can include gathering group members, putting important household valuables or company records into a
vehicle and starting the journey to the internal or external haven.
Both of functional models shown in Figure 21 are simplified prototypes sufficient to address the
goals of the dissertation. More advanced models of the functions and behaviours of the two systems can
be developed in future using a large body of existing research, e.g., for the PAR system (Lindell and
Prater 2007; Sorensen et al. 2004; Sorensen and Vogt Sorensen 2007; Southworth 1991).
HAZ
Functions

PAR
Functions

Initial Signs

Propagate

Regular Activity

Mobilize

Form

Impact

Decide

Shelter-in-place

Recede

Wait

Evacuate

Figure 21 - HAZ and PAR System Functional Models
The third discussion develops a CPS functional model. Section 2.4 reviews a number of different
processes that stakeholders have developed for risk, emergency, disaster and asset management. Each
process contributes in some way to the justification, planning, construction and operation of a CPS.
Section 2.4.1 describes disaster cycle functions such as mitigation, adaptation, prevention, preparation,
response and recovery. Section 2.4.2 describes lifecycle asset management functions such as design,
construction, operations, inspections, maintenance, emergency repairs and restoration. Section 2.4.3.
discusses risk management functions such as assessment, evaluation and post-disaster forensic
investigations. Section 2.4.4 provide examples in Table 6 and Table 7 of emergency response and
emergency support functions.
These processes are combined into a single integrated process model in Figure 22. The general
form of the diagram re-uses the structure of the Disaster Cycle model discussed in Section 2.4.1. The
integrated view has three rings: the outer ring shows the risk management process, the middle ring
combines the Asset Lifecycle, Disaster Cycle, Emergency Management and Disaster Management
processes and the inner ring shows the disaster phases. Cyclical milestones are added to show key
transition points within the overall process. These are labelled A through F and are summarized at the
bottom left. The integrated process model is discussed below.
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Figure 22 - Integrated Model of Stakeholder Processes
Milestone A begins the cycle. This is the point when risk exposures are identified and mitigations
and adaptations can be investigated. The stakeholders will use the results of this work to decide which
mitigation, adaptation and preventions to fund. Milestone B is the end of risk assessment and long-term
planning and the starting point for implementing mitigation activities such as capital projects, social
adaptations and changes in land use. These might be implemented over a number of years or decades.
Ongoing prevention activities can also be established and may help avoid the triggering of an actual
event. In the case of technological hazards, this might include ongoing inspections and maintenance.
Longer-term adaptations such as changing land use may also be implemented. Milestone C is the point at
which major mitigation and adaptation projects are complete. After this point the stakeholders focus their
efforts on preparation and prevention. This can include the development of ERPs and EAPs, exercises and
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drills, education programmes and preparedness audits. By Milestone D, all possible mitigations,
adaptations, preventions and pre-event preparations have been established. All risk controls are in place
and what remains is the residual risk.
The community might remain at Milestone D for many decades. If no disaster event occurs the
stakeholders may decide to return to Milestone A to decide whether additional mitigations, adaptations or
preventions are required. If events do begin to progress towards an actual hazard at Milestone D then the
trans-impact phase has begun. No additional mitigations, adaptations or preventions can be added at this
point to reduce the residual risk. If a hazard does trigger then the hazard plume affects the community for
a period of time around Milestone E. The CPS attempts to protect the PAR system and the primary
disaster consequences are now realized. In the latter stages of the response phase the CPS can begin
rescue and restoration operations. Milestone F is the transition point from response to relief, shelter and
larger-scale CI restoration. It is also the beginning of the longer-term recovery process. Within this final
phase the risk management process might initiate forensic analyses to gather field data and develop
insights that can be shared with other communities and domain experts for their own risk assessment and
mitigation planning. By Milestone A the community has hopefully returned to a level similar to its state
before the disaster and the next cycle begins.
The integrated process model provides a basis for developing a CPS functional model. This is
presented in Figure 23. It is organized into three columns and two rows. The columns correspond to the
pre-impact, trans-impact and post-impact phases. Note that the word "disaster" has been dropped because
the hazard event may or may not cause mortality. The rows correspond to management and planning
functions and operational functions. Examples of the support functions are provided in Section 2.4.4
(Table 7). The specific management and planning functions for the pre-impact phase are risk analysis,
risk evaluation and an activity to plan, design and fund all of the pre-impact work. The trans-impact and
post-impact phases use a unified command structure: operations, planning, logistics and finance and
administration. The operational CPS functions are the activities and direct actions that can be taken by the
CPS in each of the three disaster phases. These functions are defined in Section 2.4.1 and 2.4.4. The preimpact operational functions are Mitigate, Adapt, Prevent and Prepare. The acronym MAPP is used to
summarize these functions. The trans-impact functions are Monitor, Forecast, Diagnose, Notify, Warn,
Abate Hazard, Control Hazard, Evacuate and Shelter. The acronym MACES is used to summarize these
functions. The "M" encompasses the first five subfunctions from Monitor to Warn. The MAPP functions
establish the MACES functions in the pre-impact phase. The post-impact functions are rescue, restore,
relief, reconstruct, recover and forensic investigation. All of the management, planning and operational
functions are defined in Section 2.4 except for the detailed MACES functions which are discussed below.
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Figure 23 - Proposed CPS Functional Model
The primary CPS functions of interest in this dissertation are the MACES functions because they
specifically describe how the CPS provides life safety services to the PAR system. The 'M' function
includes: Monitor, Forecast, Diagnose, Notify and Warn. The monitor function uses a network of sensors
to gather information about the HAZ, CPS and PAR systems. The measurements might be continuous,
periodic and event based. Data can also be gathered by study teams. In addition to systematic monitoring
a CPS can be informed of a progressing event by citizens. The forecast function predicts the possible
future behaviours of the three systems. HAZ system forecasts can be provided directly to the PAR system
and to community EOC's via media outlets and the internet. Monitoring and forecasting generally occurs
before Milestone C in Figure 22 and can continue throughout the trans-impact phase. The diagnose
function interprets data from the monitor and forecast functions to decide if a hazard event is imminent. If
the HAZ system state moves outside of the nominal range then the CPS may initiate a more detailed data
gathering and diagnostic process. For technological systems this may require site investigations and
engineering studies. The estimate function uses analytical or simulation-based methods to provide
estimates of the HAZ, CPS or PAR systems. This may be used by managers as a key input to the decision
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process. The CPS must decide whether to notify and warn. This can be the start of the trans-impact phase
at Milestone D in Figure 22. The notify function can initiate a formal notification process to raise the
status of EOC's to a "watch" level. This can provide time for first responder organizations to mobilize. It
may also raise an EOC to a "warning" level that instructs the communities to immediately initiate the
ACES functions. If the EOC has already been activated then the notification might also provide an "all
clear" to indicate that a hazard event will not trigger or that it poses no danger. The warn function tells
the PAR system to take protective action. This can be accomplished using sirens, door-to-door warning,
reverse-911 systems and any other methods established by the community. This warning may be issued
by a central government agency, a local EOC or both.
The abate hazard function is one of the two hazard-specific CPS functions in the trans-impact
phase. It can stop a hazard from progressing to full initiation. The abatement process can include
mobilizing crews to deal with a technological hazard and mobilizing first responders to deal with a natural
hazard such as a forest fire. If a hazard can be abated quickly enough it may not affect the community at
all. The hazard control function assumes that a hazard has triggered and the plume may progress towards
and through a community. Hazard controls can guide and deflect a hazard's intensity but they cannot
abate it. A controlled hazard remains dangerous until it subsides through some dissipation or reaction
process. The evacuate function provides services to move the population to external havens and the
shelter function provides services to move the population to internal havens.

3.3

Supporting Systems Modelling Using Available Data Models and Datasets
As discussed in Section 2.5.3, data models are used to describe system objects, the internal

structures and linkages within each system and the detailed linkages between these systems. A number of
methods can be used to represent these details including hierarchies, networks and geographic models.
Table 5 in Section 2.4.2 provides specific examples of the CI systems and subsystems that can form a part
of a CPS. A further decomposition of three of these CI systems is provided in Table 15 for the Electric,
Health Care and Roads systems. These subsystems and their objects can provide specific services that
either directly deliver or support the protective services offered by the CPS. Some of these services are
quite specific, such as the functions provided by local blood clinics, and some are more general, such as
the broad suite of services provided by the power, communications and transportation sectors.
Figure 24 shows examples of linkages between systems and objects. Three object types are
shown: fixed assets, moveable assets and people. The HAZ system includes the dam facility which has a
reservoir, dam and operator, and the utility's Operations Centre which has a building and support staff.
The CPS shows a community EOC occupied by staff, first responders in a vehicle and a warning siren.
The vulnerability system includes a family of three people at home as well as the first responders who
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must enter the hazard impact zone. The links can represent physical, geographic, hierarchical, socialfamilial and informational-cyber relationships at the systems, subsystems and object level in order to
model provision of services from the CPS to the PAR system, the control of the HAZ system by the CPS
and the effects of the HAZ system on the PAR.
Table 15 - Examples of CI System Objects for Selected Subsectors (from Johnstone and Clark 2009)
5 - Health Care (e.g.)
Acute Care
Hospital
Cancer Agency Facility
Primary Care
Physician Offices and Clinic
Dentists / Specialist
Community Care
Residential
Day Care Facility
Homeless Shelter
Public Health
Services
Blood Clinic
Laboratory
Pharmacy

1.01 Electric - Generation:
Reservoir
Dam
Core
Crest
Drain
Embankment
Flip Bucket
Fuse Plug
Outlet
Spillway Gate
Powerhouse / Power Plant
Generating Station
Substation
Power line
Control Centre

Warning
Siren

CPS

Community EOC:
Building & Staff

First
Responders in
a vehicle
Dam Facility:
Reservoir, Dam,
and Operator

Utility Operations
Centre (OC):
Building, Staff

8.01 - Roads
Highway
Road
River Crossing
Interchange
Overpass/Underpass
Retaining Wall
Control Signal
Signage
Traffic Signal
Materials Yard
Service Vehicle Garage
Weigh Station
SCADA
Disaster Response Route
Evacuation Route

KEY

HAZ
CPS
VUL

HAZ

VUL
Family of 3
people at home

Fixed asset
Moveable asset
Person
CPS Links
HAZ Links
PAR Links
Cross-linkages

Figure 24 - Concept of Object Types and Linkages Between Objects
Another data modelling perspective considers the geographic aspects of the HAZ, CPS and PAR
systems. A GIS data framework can be used to organize information about systems and objects into
spatial data layers with attached data tables. PAR data layers might include information about community
boundary, subzones, demographics, zoning and land use. Vulnerability information can describe the
location of important assets such as shelters and the location of vulnerable subgroups. The CPS data
layers can describe CI sectors such as power, communications and transport, and SI sectors such
Emergency Social Services. The HAZ data layers can describe past events, known hazard source
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locations, and possible hazard extents and intensities. The analysts who are responsible for modelling the
states, behaviours and interactions of the three systems need to have access to systems models that are
fully supported by a fully-integrated data model as shown conceptually in Figure 25. This integrated data
model would simultaneously represent linkage, hierarchical, geographic, organizational, social and
temporal relationships between any and all systems objects for the full trans-impact phase at the macro-,
meso- and micro-resolutions (see Section 2.5.3). This would facilitate the modelling of the timedependent interactions shown in the right-hand side of the figure in order to estimate the Life Safety
Measures.
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Figure 25 - Concept of Using Systems Data and Systems Models to Support Life Safety Estimation
Figure 25 presents an idealized case. The practical reality is that this data architecture cannot be
achieved using contemporary systems models and commercial databases. Some of the required data are
stored in commercial GIS in multiple formats, some data are in multiple online relational and tabular
databases, some data are in spreadsheets and some data are in paper-based field forms. In addition, the
system models use their own specific internal data structures that are not always compatible with the other
models. This creates a challenge for systems modellers who must spend significant effort on computer
science-based data and systems model integration issues. The integrated system modelling framework
must therefore provide a basis for identifying and resolving these integration issues.
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3.4

Description of the Integrated Systems Modelling Framework
The general structure of the Systems Modelling Framework builds on the Bow Tie Risk Analysis

and HCL models described in Section 2.5.4. A proposed integrated framework is shown in Figure 26. The
framework has three main elements: inputs, trans-impact phase systems models and outputs. The full set
of composite scenarios provide the initial conditions for estimating outcomes (see Section 4.2). The set of
possible initiating events model are described using an IE diagram. For a natural hazard such as tsunami,
this may be a probabilistic tree. For complex technological hazards, the IE diagram may have many levels
and may be supported by a suite of FT diagrams. This is the same as the Bow Tie and HCL models. The
key difference is the approach for the trans-impact system modelling. Three EAS diagrams are developed,
one for each of the three systems of interest. They show the detailed sequences of events and changes of
states of objects, subsystems and systems that produce the behaviours of each system. The three EAS
diagrams are used to develop the detailed set of initial conditions for input to the systems analysis and
simulation models. Once the estimates have been developed, they can be analysed using a DT diagram.
This support analysis, evaluation and decision-making by the stakeholders.

1. Inputs

3.Outputs

2. Trans-Impact Phase Models
HAZ Chains
Discrete Event or
Continuous
Systems Simulation
Models

Full Set of
Composite
Scenarios

Initiating Events (IE)
Diagram, Fault Tree
(FT) Diagram

CPS Protection Chains

Model HazardProtection-Response
Chain Triplets

Event-Activity Sequence
(EAS) Diagrams

PAR Response Chains

Analysis &
Evaluation

Decision Tree
(DT) Diagram

KEY
Initiating Event

Initial Conditions

Pivotal Event

Chain of Events and
Activities

Activity

Chain A triggers Chain B

Figure 26 - Integrated Systems Modelling Framework for Life Safety Estimation
This discussion focuses on the development of the three EAS diagrams and systems models. An
example of the formulation of three EAS diagrams is shown in Figure 27. One composite scenario will
have three EAS diagrams associated with it, one for each of the HAZ, CPS and PAR systems, and each
EAS diagram will show multiple scenario chains. The total numbers of chains within each EAS diagram
are NHC, NPC and NRC for the sets of hazard, protection and response chains, respectively. Each scenario
chain describes the possible behaviours and responses of each system to the initiating hazard event. Since
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all three EAS diagrams will have multiple chains, a full analysis models all possible combinations. The
events and activities in Figure 27 are labelled and numbered. HAZ system activities and events are
labelled as HAx and HEy, CPS activities as PAx and PEy, and PAR system activities as RAx and REy,
where x is a unique identifier of each activity (e.g., RA1, RA2) and y is a unique identifier of each event
(e.g., RE4, RE5). Given that the figure shows three hazard, three CPS and three PAR scenario chains,
there would be twenty-seven combinations to model.
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Figure 27 - HAZ, CPS and PAR EAS Diagrams for One Composite scenario
A scenario chain from each of the three EAS diagrams in Figure 27 is highlighted. The sequence
of events and activities for these three chains are listed at right. For example, the PAR system response
chain is: RE1, RS2, RE2 and RA4. Figure 28 provides a conceptual view of how this triplet of chains
would be modelled. Given an initiating event, the expected sequence of activities are shown. HAZ system
behaviours can lead to changes in states of the CPS and PAR systems. In this case, the symptoms from
the HAZ system raise the awareness of the CPS which in turn raise an alert with the PAR. The HAZ
system progresses to failure and so the CPS tells the PAR to evacuate. As the PAR evacuates the CPS
85

3 Development of a Systems Modelling Framework for Life Safety Estimation
provides protection to the PAR. This logical sequence of events and activities can be provided to the
systems models to estimate the Life Safety Performance of the CPS. This leads the discussion to the
systems models.
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Figure 28 - One Triplet of Hazard, Protection and Response Chains
Section 2.5.5 describes a number of analytical and simulation-based approaches that could be
used to model the behaviours and interactions of the three systems. Two examples will be described here:
discrete-event simulation and continuous simulation. Given that the full logic of the behaviours and
interactions are defined by the triplet diagram, a discrete event simulation can be developed. Probability
models can be specified to model the interactions between the systems and the time durations for each
activity. An MCS method can then be used to estimate the Life Safety Performance of the CPS. This will
be discussed in more detail in Chapter 5. Section 5.2 develops a specific example of a discrete-event
simulation for one triplet diagram using MCS. At the other end of the modelling spectrum, a continuous
time simulation could be developed. Figure 16 from Section 2.5.5 presents a general system modelling
approach that considers system states, and observer and controller processes. This approach can be
applied to the HAZ, CPS, and PAR modelling as shown in Figure 29. Only the CPS is shown as having a
controller process for simplicity. In actual cases, both the HAZ and PAR systems may also have their own
controller process. The system state, process output, system observation and system input vectors can be
extended as follows:
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SX

ª SX HAZ º
« SX » ; SY
« CPS »
«¬ SX PAR »¼

ª SY HAZ º
« SY » ; SZ
« CPS »
«¬ SY PAR »¼

ª SZ HAZ º
« SZ » ; IN
« CPS »
«¬ SZ PAR »¼

ª IN HAZ º
« IN »
« CPS »
«¬ IN PAR »¼

(8)

where the vectors now represent each of the three systems. By specifying the initial system states SX(0),
the controlling parameters PA, and the governing matrices SA, SB, SC, SD, SO and SE, the system
behaviours can be modelled and the outcomes can be estimated. The outputs of each system become the
inputs to the other two systems. This is indicated using the SYaaa --> INbbb notation. Here the CPS
controller is shown as having the capability to use observations from all three systems.
Key

CPS
CPS
Controller
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Figure 29 - Integrated Framework for Estimating Life Safety Using Systems Simulation Models
The matrices for the system state differential equation, SA and SB, can now be interpreted to have
the following general form:

CPStoHAZ PARtoHAZ º
ª HAZ
»
SA, SB | «« HAZtoCPS
CPS
PARtoCPS
»
«¬ HAZtoPAR CPStoPAR
PAR »¼

(9)

where the coefficients that describe the HAZ, PAR, CPS systems are contained within the submatrices
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along the diagonal and the off-diagonal submatrices (e.g., PARtoHAZ) model the effect of one system on
another system. The matrices are not necessarily symmetric. For example, the HAZtoPAR matrix forms
the basis for modelling the impact of the hazard on each person and so it will have non-zero coefficients,
whereas the effects of each person on the hazard may be minimal so that the submatrix PARtoHAZ may
be zero. The submatrix HAZtoCPS models the effect of the hazard on the CPS, and CPStoHAZ models
CPS services such as hazard abatement and hazard control. Rather than viewing the entries in each cell of
the matrix only as coefficients that are multiplied by the values in vectors SX and IN, they can be viewed
as placeholders for more complex functional operators that represent more detailed models such as those
listed in Table 12 (Section 2.5.5).
Given that a CPS can be comprised of a collection of CI and SI systems, this approach can be
extended as follows. A controller system plus a set of CI and SI subsystems can be explicitly defined by
expanding the SA and SB matrices as follows:

ª HAZ
« HAZtoMDDW
«
« HAZtoSSA
SA, SB | «
« HAZtoSSB
« HAZtoSSC
«
¬ HAZtoPAR

MDDWtoHAZ

SSAtoHAZ

SSBtoHAZ

SSCtoHAZ

MDDW

SSAtoMDDW

SSBtoMDDW

SSCtoMDDW

MDDWtoSSA

SSA

CItoSSA

SSCtoSSA

MDDWtoSSB

SSAtoSSB

SSB

SSSCtoSSB

MDDWtoSSC

SSAtoSSC

SSBtoSSC

SSC

MDDWtoPAR

SSAtoPAR

SSBtoPAR

SSCtoPAR

º
»
PARtoMDDW
»
PARtoSSA »
»
PARtoSSB
»
PARtoSSA »
»
PAR
¼
PARtoHAZ

(10)

The single CPS submatrix has been replaced by submatrices MDDW, SSA, SSB and SSC. MDDW is the
descriptive matrix for the CPS controller that includes the Monitor, Diagnose, Decide and Warn functions
in this case. SSA and SSB are two CI subsystems of the CPS and SSC is an SI subsystem of the CPS. The
off-diagonal terms in the MDDW row can be used to model the information inputs that flow to the CPS
controller. The off-diagonal terms in the MDDW column can be used to model the controlling outputs
from the CPS controller to the other CPS subsystems, to the PAR and perhaps to the HAZ system if it can
be controlled.
The system state matrices can also describe how analytical and simulation models can be used to
develop the Life Safety Measures. For example, a HAZ system model could be used to develop a timedependent simulation of the propagation of a hazard plume. A second model could simulate the combined
responses of the CPS and PAR systems. The model interfaces that must be developed are represented by
the HAZtoCPS and HAZtoPAR matrices. This is how the dam safety modelling is performed in Section
7.4.
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3.5

Summary and Discussion
Chapter 3 begins by mapping the World Systems to the Performance Modelling Systems. The

identification of the primary systems and the development of the HAZ-CPS-PAR combinations show how
complex analytical contexts can be developed using basic systems architectures. This also demonstrates
the broad applicability of the approach.
System-level functional models are developed for the three systems. The HAZ and PAR
functional models are simplified prototypes sufficient to address the goals of the dissertation. More
advanced functional models can be developed in future. The main contribution of the functional analysis
is the integration of the many different stakeholder processes into a single functional model. This is
important because the integrated processes can address common issues and concerns. The activities
overlap throughout the disaster cycle and each process offers complementary concepts and approaches
that can be used by the other stakeholders.
The MAPP/MACES functional model presents one way of thinking about how CPS might
actually operate in the pre-impact and trans-impact phases to protect life. Chapter 5 will show how this
functional model can be used in a quantitative manner to estimate life safety.
The data modelling discussion only explores issues at the systems-level with only limited
consideration of the more detailed systems objects and their properties. The scope of the possible objects
that might be included in systems models of all three systems is very broad. The ongoing work to develop
CI data and interdependency models will encounter challenges in managing the detail and complexity of
these descriptive models.
The Systems Modelling Framework can guide the development, integration and application of the
systems analysis and simulation models in a number of ways. A more literal interpretation would require
an analyst to define state variables and to assign coefficients for the SA, SB, SC, SD, SO and SE matrices.
Another interpretation views the Framework as a systems analysis and modelling architecture in which
the matrices and submatrices act as placeholders that guide the integration of existing models and the
development of new models. This will also facilitate research into emerging issues such as how to model
critical infrastructure interdependencies. The feasibility of this approach will be a function of the
available models, the descriptive CI datasets and the willingness of the stakeholders to share data.
The approach presented in this chapter for modelling the CPS and PAR scenario chains goes
directly to the question of what must go right during an event. It provides an approach that can be used to
identify, model and assess different combinations CPS functions and services in concert with PAR system
responses.
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4
4.1

Formulation of the Life Safety Measures
Problem Definition
A community faces a risk posed by a hazard that could cause damage and loss to infrastructure,

economic and environmental assets and catastrophic mortality. If the geographic extent of the hazard's
impact is sufficiently large then multiple communities may be affected either in series (e.g., communities
downstream from a dam or downwind from a chemical plant) or in parallel (e.g., communities along the
shoreline of a single waterbody). The population can be located in residential, commercial, industrial and
agricultural zones, and outlying areas such as remote shorelines and parks. Hazard losses can range from
no damage to near total destruction in some parts of the impact zone. Long-term impacts may include
damage to the social fabric and to the regional or national economy.
The first consideration in the problem definition is the characterization of the ROHI hazard.
Figure 30 presents a simplified view of how a flood hazard can be related to the community using the
Source-Pathway-Receptor concept. The origin of the hazard is an area called the hazard source zone.
This zone is located within the community or some distance away. The extent of the source zone may
cover a very large geography such as a tectonic plate subduction zone, an irrigation dam and its reservoir
or a point location such as a chemical storage tank. The hazards of interest here generally move in a
plume-like manner and can affect a broad geography such as a floodplain, shoreline or air shed, or a small
area such as a village or neighbourhood. The full extent of the geographic area affected by the hazard is
called the hazard impact zone. The full geographic extent of the community is called the community
zone and the overlap between the hazard zone and the community is called the exposure zone. Due to
possible variations in the hazard there may be multiple hazard impact zones each with an associated
exposure zone.
To reduce the potential for loss of life it is assumed that the stakeholders plan to implement a CPS
that combines mitigations and protective actions by the population. Figure 30 shows a CPS that uses a set
of sensors to detect a hazard's initiation and onset, a warning system and internal (IH) and external (EH)
havens that are located inside and outside the exposure zone, respectively. The pathway taken by the
individual people to a haven is called a route. The route to IH is labelled RT1 and the route to EH is
labelled RT2. The CPS may also employ structural mitigations such as a temporary or permanent dike as
shown. These could offer additional protection to the internal safe havens and delay the hazard so that
more time is available for evacuation.
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Figure 30 - Simplified Problem Representation
Variables that describe the population in the community can be developed. NPOP is the total
population located within the community zone, NPARU is the number of people located in the exposure
zone and NOUT is the number of people in the community who are not exposed to the hazard. Thus:

NPARU

NPOP  NOUT

(11)

defines the rudimentary relationship between these variables. These can vary as a function of hazard
magnitude, and as a function of the time of day, week and year. The magnitudes of NPOP and NPARU for
ROHI hazards might range from tens of people for a small hamlet to many hundreds of thousands of
people along an oceanic coastline.
The primary measures of the life safety impact of a hazard on a community can be quantified
using two variables: total disaster event mortality or Loss of Life which is indicated using the variable
NLOL, and total disaster event survival which is indicated using the variable NOK. A second equation
describes the relationship between the exposure and outcome variables:

NPARU

NLOL  NOK .

(12)

Additional measures can be developed from these variables including: the exposure rate,

FPAR

NPARU / NPOP ,

(13)
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the mortality rate (Jonkman et al. 2008b)),

FLOL

NLOL / NPARU ,

(14)

and the survival rate,

FOK

NOK / NPARU .

(15)

Analyses of historical disaster outcomes provided show that disaster event mortality NLOL can be on the
order of 101, 103 and sometimes even 105 or more. The mortality rate FLOL can be on the order of 10-4, 10-2
or 10-1. The mortality rate in some cases can be more than 50%, i.e., representing the loss of more than
one half of the population in the exposure zone (Johnstone 2012a; Jonkman and Vrijling 2008; Jonkman
et al. 2008b).

4.2

General Process to Estimate the Life Safety Measures
Sections 2.3 and 2.5 identify methodologies that the stakeholders can follow to estimate loss and

the potential for loss reduction. A simplified process and sample list of tasks that support these activities
are provided in Table 16. Task 1 includes scope definition, design of the experiments, data gathering and
preparation of datasets for input to a simulation model. Task 2 develops three types of input scenario:
hazard, vulnerability and CPS scenarios. An input scenario defines all of the relevant properties of a
system that are required to estimate the system state and behaviour during the trans-impact phase of a
disaster event. A hazard scenario describes the properties of the hazard such as its magnitude, probability
of occurrence and intensity within the community. A vulnerability scenario describes the objects that are
susceptible to harm and which could be affected or lost due to the hazard's effects. At a minimum this
includes all the people at risk. A CPS scenario describes the subsystems, objects and services that the
community and other stakeholders can provide to protect the population. A vulnerability scenario can also
include elements of the CPS that must not be damaged or lost if the system is to function properly.
For the first set of input scenarios it is assumed that no mitigations or preparations have been
established and that the available protective capabilities of the CPS will be considered to be "as-is." Task
3 uses the three sets of input scenarios to develop what are called benchmark estimates of the variables
NPOP, NPARU, NOUT, NLOL, NOK, FPAR, FLOL and FOK. It is assumed that some form of system analysis or
simulation method will be used to develop the outputs. In Task 4 the benchmark estimates are assessed by
the stakeholders. If the risks are not acceptable then the stakeholders may choose to explore mitigation
and preparation alternatives. Tasks 5 and 6 follow the same steps as Tasks 2 and 3 except that each of the
hazard, vulnerability and CPS systems may be modified in some way by the proposed mitigations and
preparations. Each CPS alternative has its own identifier CPSk where k is an index for each mitigation
alternative. The second set of input scenarios are used to develop mitigation estimates which indicate the
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performance of the proposed CPS in the context of any mitigation, adaptation, prevention or preparedness
activity that could be undertaken by the stakeholders. These are used to produce alternate values for:
NPARU, NOUT, NLOL, NOK, FLOL and FOK. In Task 7 the stakeholders can compare the benchmark and
mitigated estimates to assess whether the proposed mitigations and response plans can meet their
objectives. If the estimated Life Safety Effectiveness is acceptable the general stakeholder process can
move on to the next phase of mitigation and preparation. If the estimated effectiveness is not acceptable
then the stakeholders may choose to return to Step 4 to develop an improved set of alternatives. While
there can be a wide variety of processes that could be employed by the stakeholders most will include the
tasks identified in Table 16. This process can be iterative. The CPS may need to address a range of
stakeholder objectives that include financial and technical objectives (Figure 17, Section 2.6.1). Natural
variations in the properties of the hazard, the community and the CPS must also be taken into account.
Table 16 - Examples of Tasks for Estimating the Life Safety Effectiveness of a CPS
1. Define Scope of Study, Experimental Design & Data Preparation
2. Develop Benchmark Input Scenarios: e.g., "No Mitigations, No Plans"
a. Hazard Input Scenarios
b. Vulnerability Input Scenarios
c. CPS Input Scenarios
3. Run Benchmark Simulations, Estimate Loss/Survival/Risk
4. Identify Mitigation/Preparation Alternatives
5. Develop Mitigation Scenarios: "Proposed CPS"
a. Hazard Input Scenarios
b. Vulnerability Input Scenarios
c. CPS Alternatives: Mitigation, Adaptation, Prevention and Preparedness
6. Run Mitigation Simulations, Estimate Life Safety Effectiveness
7. Assess the Acceptability of the Proposed Mitigation/Preparation Alternatives
If an acceptable alternative cannot be identified, return to Step 4; otherwise, move to next phase.

A schematic view of the input scenario concepts and their relationships is shown in Figure 31.
The first box represents the type of performance estimate (i.e., benchmark or mitigation). Both types can
require the development of one or many hazard scenarios, one or many vulnerability scenarios and one or
many protection scenarios. Each input scenario type is uniquely identified using the indices i, j and k for
hazard, vulnerability and CPS respectively. The numbers of scenarios are NHAZ, NVUL and NCPS. The
number of composite scenarios is the product NHAZ x NVUL x NCPS. While this description presumes the
notion of the scenarios as discrete representations it is also possible to conceptualize the scenarios in
continuous form. For example, hazard scenarios could be defined using a continuous random variable that
expresses the range and probability of occurrence of hazard intensity.
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Figure 31 - Schema for Performance Estimates, Life Safety Input Scenarios and Outcomes
Figure 32 provides a schematic representation of the process for creating and using the composite
scenarios as inputs to an integrated set of systems simulation models. The inputs are the sets of hazard,
vulnerability and CPS scenarios. One composite scenario at a time is run through the systems simulation
models. Chapters 2 and 3 discuss the types of models that can be employed to develop the estimates.
Additional information that can be provided with each composite scenario is shown at the bottom right of
Figure 32. This includes descriptions of the people, their target havens, and their planned routes to those
havens. These are identified using indices l, m and n. The total number of people, havens and routes for a
composite scenario are NPARU, NHAVEN and NRT, respectively. The numbers of people at risk, havens and
routes may not necessarily be the same for each scenario. The object types included in the scenarios can
include other important features such as vehicles and CI assets such as bridges, fire and police stations
and communications towers.
Each simulation run will produce one set of estimates for NPOP, NPARU, NOUT, NLOL, NOK, FLOL and
FOK. Once all of the simulation runs have been completed the full set of outcomes can be summarized to
produce the estimate of Life Safety Effectiveness. Additional supporting information such as animations,
charts, tables and other visualizations can be developed from the simulation outputs. This includes maps
and time-dependent plots of the hazard intensity, tables summarizing the population at risk by different
subzones, and animations of the evacuation process. The framework shown in Figure 32 is used twice,
once for Tasks 2-3 and again for Tasks 5-6. Because mitigation and preparation actions can modify the
hazard, the vulnerabilities or the CPS, the mitigation scenarios can be modified versions of the benchmark
scenarios. For example, if the intended mitigation includes warning sirens, directional signs, external safe
havens and a public education programme, then the responses of the population and their use of the road
network may be very different from the benchmark scenarios.
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Figure 32 - Process for Simulating Life Safety Outcomes
Two examples demonstrate the concepts. The first considers the analysis of the risk posed a
tsunami. The scope for this type of analysis can be described by considering the development a
community's response plan. Given uncertainties in the estimated hazard intensity, suppose that an analysis
team identifies five hazard scenarios that span the credible range of possible onshore run-ups (Table 17).
The number of people at risk might also be variable because the community is a popular tourist
destination. This can be shown using the quantity NPARU |i,j,k, which indicates the total population in the
exposure zone as a function of the properties of the hazard, vulnerability and CPS. This can be imagined
conceptually by considering that a more intense hazard could affect a much larger exposure zone which in
turn affects a larger population.
During the high season the community accommodates both resident tourists and day-trippers who
visit the community but do not stay overnight in the area. Four vulnerability scenarios might be developed
to describe the population during high season-day, high season-night, low season-day and low seasonnight. To account for uncertainties it is also assumed that five replicate simulations will be run for each
scenario. Assuming that there is only one "no mitigation, no plan" CPS scenario this yields one hundred
composite scenarios that can be used to develop the benchmark estimates. In Step 4 from Table 16 the
community develops four mitigation scenarios. This requires the production of another four hundred
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mitigation simulations for comparison with the one hundred benchmarks. A total of five hundred
simulations must be developed. Additional factors such as uncertainties associated with differential
population response times and the incorporation of the vulnerabilities of subgroups would add more
complexity.
Table 17 - Examples of Quantities for Scenarios and Outcomes
Inputs
Hazard

i = 1, 2, 3, 4, 5

Vulnerability

j = 1, 2, 3, 4

CPS (benchmark)
CPS (mitigation)

k=1
k = 1, 2, 3, 4

PARU (person)

l = 1 to NPARU

max(NPARU | i,j,k)

| 2,000 people

HAVEN

m = 1 to NHAVEN

RT

n = 1 to NRT

Replicates

Rep = 5

Composite scenarios
Benchmark (k = 0)

i x j x k x Replicates =
5 x 4 x 1 x 5 = 100

Mitigation

i x j x k x Replicates =
5 x 4 x 4 x 4 = 400
Individual Outcomes

Benchmark

= 100 x max(NPARU | i,j,k)
| 100 x 2,000 = 200,000

Mitigation

= 400 x max(NPARU | i,j,k)
| 400 x 2,000 = 800,000

The number of loss and survival outcomes can also be estimated. Although the total number of
people at risk will be a function of each composite scenario, the total number of benchmark and
mitigation outcomes to be produced can be estimated using the maximum NPARU. Assuming here that this
is approximately two thousand people, then the simulations would estimate one million loss and survival
outcomes. Clearly the number of scenarios and outcomes can quickly expand to a very large number. In
practical terms, analysts may choose to model scenario subsets that consider the most extreme hazard
intensities, the most rapid onset times and the most vulnerable populations. A demonstration example
with a scope of analysis that is similar to the parameters provided here will be discussed in Chapter 6.
The second example demonstrates how the primary Life Safety Measures can be used to describe
the mortality outcomes for passengers of RMS Titanic, which sank on April 15, 1912. Figure 33 presents
a visualization of the outcomes for passengers using two independent variables: cabin class and genderage. Three cabin classes and three gender/age combinations are shown. Shown at bottom left are the
primary Life Safety Measures. All of the passengers were exposed to danger so NOUT = 0, NPARU = NPOP,
and FPAR = 100%. The calculated values for gross mortality (NLOL) and the mortality rate (FLOL) are shown
for all passengers. The mortality rates by cabin class and for gender-age are also shown. The cabin class
mortality rate shows a clear distinction: first class cabins have the lowest mortality rate, the second class
cabins have a middle rate and third class cabins have a loss rate that is almost two times higher than first
class. Women and children both have mortality rates far lower than men. This is due to the priority access
given to the women and children to the lifeboats (British Wreck Commissioner's Inquiry 1912; Marshall
1912).
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Second Class Cabin

Third Class Cabin

Children

First Class Cabin

0 Died, 24 Survived

52 Died, 27 Survived

Women

0 Died, 6 Survived

13 Died, 80 Survived

118 Died, 57 Survived

154 Died, 14 Survived

89 Died, 76 Survived

Men

4 Died, 140 Survived

Key
Loss of Life
Survival

NPOP (Passengers)
NOUT (Passengers)
NPARU (Passengers)
FPAR (Passengers)

= 1,316
=
0
= 1,316
= 100%

NLOL (Passengers)
NOK (Passengers)
FLOL (Passengers)

=
=
=

817
499
62%

=
FLOL First Class Cabin
FLOL Second Class Cabin =
FLOL Third Class Cabin
=

38%
59%
75%

FLOL Children
FLOL Women
FLOL Men

48%
26%
82%

=
=
=

387 Died, 75 Survived

Figure 33 - Visualization of Mortality and Survival Outcomes for Passengers of RMS Titanic

4.3

Formulation of the Life Safety MOPs and MOE

4.3.1

General Framework and Reliability-Based Formulation
Building on the MOE, MOP and DP concepts introduced in Section 2.6.1, a composite Life

Safety Performance Measure can be defined as follows:

MOP

> MOP1, MOP2 , MOP3 ,...@
> f DP1 (DP A , DPB ,...), f DP 2 (DPE , DPF ,...), f DP3 ( DP J ,...),...@
> fMOP1 (u), fMOP 2 (u), fMOP3 (u),...@

(16)

where MOP is a matrix of MOPs that are functions of the DPs. The DPs in turn are either direct
measurements of the HAZ, VUL and CPS systems or functions fDP of these measurements. Each row of
the MOP matrix provides the performance estimates for each person and each column corresponds to a
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specific MOP. The columns are indicated by the vectors MOP1, MOP2, MOP3, etc., and the DPs by the
vectors DPA, DPB, DPC, etc. Each MOP function fMOPn can use different sets of DPs to calculate
performance. Each fMOPn can use any functional form such as the analytical- and simulation-based models
discussed in Section 2.5.5. A vector u that is equivalent to the full set of DPs is introduced in the last row
of Equation (16). This vector is comprised of three subvectors [uHAZ, uVUL, uCPS] that describe the three
systems of interest using random and deterministic variables. The vector u can be related to the systems
states described in Equation (8) and Figure 29 (Section 3.4) as follows:

u >u HAZ , uCPS , u PAR @ ª¬> PAHAZ , SX HAZ @ , > PACPS , SX CPS @ , > PAPAR , SX PAR @º¼

(17)

where the descriptive system variables u are a combination of two subvectors: the system operating
parameters PA and the system state variables SX.
The functional form used here is a reliability-based approach that considers the phenomenological
interactions between the three systems. Each MOP is formulated in safety margin form:

MOPn Gn (u) Rn (u)  S n (u)

(18)

where MOPn is the reliability function, Gn(u) is a general limit state function in safety margin form (see
Section 2.6.2), the function R estimates the combined capacities of the CPS and VUL systems for a
performance dimension 'n' and the function S estimates the demand of the HAZ system for performance
dimension 'n'. The limit state is assessed for each person. The vector MOPn has one entry for each person
in the exposure zone. The safety margin for each individual is the difference between the demand and
capacity terms. If there is residual capacity then the person will survive; otherwise, it will be lost. The
vector u  [uHAZ, uVUL, uCPS,] indicates that functions R and S can use any property of the three systems in
order to estimate performance. The vector u is conceptually equivalent to one set of composite scenarios
CSi,j,k for a given CPS alternative (see Figure 32), i.e., for all i, all j and a single value of k. The process to
estimate the performance of each CPS alternative therefore requires the substitution of a series of u
vectors into Equation (16).
Given that the vector u is a combination of random and deterministic variables, a generalized
reliability formulation can be used to estimate CPS Life Safety Effectiveness. The probability of loss of
each person can be estimated as follows:

p LOL

P > MOP d 0@ P ª¬G u d 0º¼

³ ... ³

fu u du

G u d0

(19)

The vector pLOL is calculated by integrating the performance function G over the domain of u where loss
of life would occur for each person. The probability of survival for each individual is then:
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pOK

1  pLOL

³ ... ³

fu u du MOE

G u !0

(20)

where 1 is a vector of ones and pOK is the vector of survival probabilities for each person. The Life Safety
Measure of Effectiveness, MOE, is specified here as being equivalent to the vector pOK. The Life Safety
Measures of Effectiveness for CPSk is called MOEk. This is a vector which is the probability of survival
for each person. The domain of each entry in MOEk is the range [0, 1] with '0' corresponding to no
effectiveness at all and '1' corresponding to full protection. Given that interactions within the population
at risk can create emergent systems behaviours such as road congestion and high demand for common
havens, the function Gn considers CPS performance for all of the people at risk in parallel. If more than
one G-function is to be employed then composite limit state functions can also be used. In that case the
calculation of loss and survival would require the specification of series, parallel or combination logic to
estimate outcomes.
For some stakeholders this probabilistic expression of the estimated life safety for each person
provides the necessary information to assess risk acceptability; however, some stakeholders will want the
performance estimate expressed in the form of Equation (12) which provides life safety outcomes in a
loss-and-survival form. This is the more typical method used to describe outcomes for historical disaster
events. This requires the conversion of MOEk into the variables NLOL and NOK. This can be achieved by
employing an Indicator Function I[ ] which transforms MOEk into a vector s of indicator variables that
indicate the survival or loss of each individual:

I [MOE k , MaxF ] s

(21)

where s is the vector of indicator variables derived from MOEk and MaxF is a stakeholder-specified
maximum allowable failure probability for each person.3 If a person has pLOL w MaxF then it is lost. The
vector MOEk has entries sl with l = 1 to NPARU that have the value sl = 1 to indicate survival and sl = 0 to
indicate loss. The outcome variable NOK is then the sum of the indicator variables sl:
N PARU

N OK

¦s

l

(22)

l 1

NLOL can now be calculated by re-arranging Equation (12) and substituting NPARU and NOK. Estimates for
FLOL and FOK can be calculated using Equations (14) and (15). The stakeholders can now be informed
using either the probabilistic expressions of CPS effectiveness as a function of the composite scenarios
(i.e., MOEk) or the numerical summaries of the overall performance of each CPSk alternative.
3

Possible approaches for specifying MaxF are discussed in Appendix D.1. See Figure 121 and Equation

(73).
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4.3.2

Identification of the Measures of Performance
The next step in the formulation identifies the candidate MOPs. This can be accomplished by

surveying methods and models that estimate the loss or survival of the population at risk for different
hazard contexts. Appendix C provides two detailed reviews of such methods. The first survey, which was
developed by Johnstone and Lence (2009), considers seven methods developed for flood risk analysis
and/or emergency planning. Building on the insights gained from the first review and investigations of
risk analysis and emergency management as summarized in Chapter 2, an expanded survey was produced
by the author which considers models and methods from a broader range of problem domains that
include: building fires, tunnel fires, industrial/nuclear plant accidents, ship and aircraft evacuations,
urban-wildland interface fires, floods, disease pandemic and general hazards. A total of thirty-four models
or methods are reviewed.
Based upon these surveys, two MOPs are proposed: sufficiency of time and sufficiency of
protection. The life safety limit state equation for assessing the sufficiency of time can be developed
from reliability-based methods proposed by Magnusson et al. (1996) and Meachem (1999) for building
fires (see Appendix C.2). In its simplest form, each person will require sufficient time to take the
protective actions necessary to survive the disaster. The hazard's time horizon can be determined by the
sequence of events that create the hazardous condition, the speed of hazard formation in the source zone,
the approach velocity of the hazard plume and the distance to the community. The temporal capacity of
the CPS can express the capability of the system to detect and diagnose the hazard, to decide what actions
to take and to warn the population. In addition to the time-based performance of the CPS, the reactions of
each person can also be important. Each individual must have some understanding of the nature of the
hazard and the need to take protective action. Once they have been warned or have become self-aware of
the progressing hazard, they must react and take the appropriate actions to reach safe locations before the
hazard arrives.
The life safety limit state equation for assessing the sufficiency of protection can be developed
from reliability-based methods proposed by Lind et al. (2004) for people interacting directly with flood
waters and from reliability-based methods that assess the response of structures to hazards (e.g., Melchers
(1999), Dowrick (2003), Becker et al. (2011)) (see Appendix C.2). In the first case, the direct interaction
of a person with the hazard is used to determine whether or not the person survives. In the second case, it
is the protection offered by the structure to each person that is assessed. The demands of the hazard, the
protection of the CPS and the strength of each person can be expressed in physical units such as
momentum, kinetic energy, shock wave pressure differential or crushing force. If the danger is posed by
hazardous materials, the hazard intensity might be expressed in terms of concentration. In some cases, an
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individual may be able to resist the hazard with minimal assistance from the CPS, but for ROHI hazards
the people who remain within the hazard impact zone may require more protection.
Other performance dimensions could also have been considered. For example, the horizontal
distance of each person from his current location to nearby safe locations or the elevation gain required to
move out of a flood hazard zone can be used to express each person's degree of exposure. However, the
travel distance for each person does not consider prior delays due to the time required by the CPS to
detect and confirm that a hazard event is in progress and non-linear effects during evacuation such as
delays due to traffic congestion. The elapsed times of all of the CPS and population at risk activities,
movements and congestion can be combined into a single, comprehensive performance dimension.
The time and protection dimensions in the Life Safety Performance Space are noncommensurable: one measure is quantified using physical, chemical or biological units and the other is
quantified using time. If there is a need to use commensurable dimensions one possible approach is to
scale them. The time dimension could be scaled by the longest possible time span of the whole transimpact phase and the protection dimension could be scaled by the maximum credible hazard intensity.
Scaling would also facilitate the comparison of the impacts of a single hazard on multiple communities
(e.g., an oceanic tsunami) or the comparison of the impacts of different hazard types on one community
(e.g., a dam failure, chemical plant accident and wildfire).
4.3.3

Development of the Life Safety Limit State Equations
Given the general framework and the proposed reliability-based MOPs, the Life Safety Measure

Effectiveness for CPSk can be defined as follows:

MOE k

1

³³

fGT ,GP (GT (u k ), GP (u k ))dGT dGP

fGT ,GP GT ,GP oLOL

(23)

where MOEk is the life safety MOE for each person, GT is a reliability-based limit state function used to
assess sufficiency of time for each person, and GP is a reliability-based limit state function used to assess
sufficiency of protection for each individual. The operators GT(uk) and GP(uk) can be viewed as producing
a two-dimensional probability density function f

GT,GP

in the [GT, GP] coordinate space. The full set of

NHAZ and NVUL scenarios are described by uk and considered by the integration operators. The operator

fGT ,GP GT , GP o LOL defines a logical operation that determines loss outcomes in the [GT, GP] domain
using system reliability concepts. This operator is necessary because the estimation process may only
have limited information about the HAZ, CPS and VUL systems. Different forms of this operator will be
discussed in Section 4.3.7.
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The limit state function to assess sufficiency of protection for the Population at Risk takes the
following form:

GP (u k ) RP (u k )  SP (u k )

> PAR _ S (u k )  CPS _ P(u k )@  HAZ _ I (uk )

(24)

where GP is the limit state function for protection, PAR_S describes the capacity of each person to resist
the hazard on their own, CPS_P describes the protection offered by the CPS to each person and HAZ_I is
the physical, chemical or biological demand of the hazard on each individual. Note that the general
vulnerability systems concept now specifically considers each person using the variable PAR_S in
Equation (24). Section 5.7 will discuss how the GP concept can be applied more generally to vulnerable
CPS objects such as vehicles, buildings and cell phone towers, but for the moment the formulation
focuses on the people at risk.
The parallel formulation for sufficiency of time switches the order of the capacity and demand
terms about the negative sign because the protective actions must take less time than the time required for
the hazard to initiate and arrive in the community. Therefore the limit state function to assess sufficiency
of time takes the following form:

GT (uk ) ST (u )  RT (uk )
HAZ _ T (uk )  >CPS _ T (uk )  PAR _ T (uk )@

(25)

where GT is the limit state function for time, HAZ_T describes the elapsed time for the hazard to form,
propagate and arrive within the community, CPS_T describes the elapsed time required to detect and
diagnose the hazard, and to warn the community and PAR_T describes the time required by each person
to receive the warning, mobilize and take protective action.
A simplified version of the Life Safety limit state formulation expresses the proposed method as
two equations with six random variables:

GT = HAZ _ T  >CPS _ T  PAR _ T @

(26)

GP = > PAR _ S  CPS _ P @  HAZ _ I

(27)

This will be used as a shorthand form throughout the dissertation. If estimates for the distributions of the
six random variables in these two equations can be developed then fMOP can provide a fully probabilistic
estimate of CPS effectiveness to inform risk management and emergency planning.
The general conceptual framework introduced in Figure 17 can be updated to describe the
proposed Life Safety MOE framework as shown in Figure 34. The Life Safety MOE is now a function of
two Measures of Performance (GT, GP) which are themselves functions of six random variables, which are
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in turn functions of the initial systems states and behaviours during the trans-impact phase. The detailed
DPs are either static or dynamic system properties that can be estimated using simulation or other
methods. Additional MOEs can be employed as part of a multi-objective assessment of the performance
and effectiveness of the CPS. Technical MOEs may consider operational and maintenance properties and
financial MOEs may consider the costs of mitigation, adaptation, operations, maintenance and other
actions. There may also be environmental and broader socio-economic objectives to consider.
Equation (23) can be described as a "single CPS, all hazard and vulnerability scenarios"
assessment. This will be the primary estimate required by most stakeholders. However, alternate estimates
of CPS effectiveness could also be derived from the full set of outcome estimates shown in Figure 32. For
example, an "all CPS, single person" summary could be developed to assess how a suite of possible CPS
alternatives might perform for individuals who live in a given neighbourhood. This analysis might
indicate that no matter which mitigation is employed, it is not possible to develop an acceptable
mitigation plan for that neighbourhood.
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Figure 34 - Resulting Framework for Estimating the Life Safety MOE
It is clear that the six random variables in Equations (26) and (27) are interdependent. A fasteronset hazard can reduce the number of available safe havens, and a more intense hazard may require the
people to travel longer distances to external havens, or to select from a more limited set of stronger
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internal havens. The vector uVUL and its subset uPAR also implicitly represent a key demand term, i.e.,
NPARU the size of the population at risk. Larger populations will place larger demands on the warning and
transportation systems of the CPS and on the safe havens. This may lead to longer warning and
mobilization times, road congestion and competition for space at the havens.
4.3.4

Incorporation of Spatial and Temporal Factors
The basic formulation can now be extended to incorporate some of the underlying spatial and

temporal factors. Returning to the Problem Definition (Figure 30), Figure 35 shows plan and crosssection views of the hazard, the community at risk and a single person that needs to take protective action.
In this case, the person will take the route shown to a designated external haven. The plan view shows the
origin, O, the route, RT, and the destination, D. The route has length ORT. The distance from the hazard to
the community is OHAZ-COM. The cross-section view shows the exposed person, the distance ORT that the
person must travel to reach the haven and the gain in protection as the person moves along the route
towards the haven. The person's strength (PAR_S) and the protection offered by the CPS (CPS_P) are
shown. In this example, PAR_S is the person's height and CPS_P is either the elevation of the ground on
which the person is standing or if the person enters a building, CPS_P is the elevation of the floor on
which the person is standing. The hazard intensity HAZ_I is assumed to be uniform across the exposure
zone for the moment. More generally, HAZ_I, PAR_S and CPS_P could be any common measure of
intensity, of strength or of protection. In this example the hazard intensity is far greater than the individual
strength of the person, and the immediate protection offered by the nearby building located within the
impact zone is insufficient.
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Figure 35 - Plan and Cross-Section Views of a Route, Hazard Intensity and Protection for an Individual
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If the person encounters the hazard at the origin then GP will be negative (shown as GP,O). If the
person encounters the hazard along the route then GP can be negative or positive. This is shown with
GP,RT1 being negative at point 1 and GP,RT2 being positive. The person would be lost at point 1 but would
survive at point 2. If the maximum possible hazard intensity is lower than CPS_PMAX, then the person will
survive at the destination (GP,D). Other scenario combinations could be developed such as cases in which
the person could always survive because the maximum hazard intensity is below the lowest possible sum
of CPS_P and PAR_S, or cases in which the person could always be lost because the minimum value of
HAZ_I greatly exceeds CPS_PMAX. The combined space-time properties and interactions of the three
systems can now be discussed. This will be undertaken by first describing properties of the hazard system,
and then those of the CPS and PAR systems, and then the properties of the three systems combined.
The next aspect to discuss is hazard formation and propagation. Key spatio-temporal properties of
the hazard plume are shown in Figure 36. The horizontal axis shows time and the vertical axis shows the
location of the leading edge of a hazard plume as it moves along its pathway to the community, and then
through the community. The time axis shows the full extent of the trans-impact phase with t = 0
corresponding to the start of the trans-impact phase. The symbol TS is used to designate time spans for
different system states or activities. The location O = 0 along the vertical axis is the location of the hazard
source zone, and the distances between this zone and the route's origin and destination are shown as OHAZCOM

and OHAZ-HAV. For simplicity of the initial formulation of the Life Safety MOE, the hazard and the

distance that must be travelled by each individual to safety are all measured from a common origin.
Although the route's destination could be closer to the hazard source than the origin, here the destination
is assumed to be more distant.
The space-time location of the leading edge for any hazard plume follows the same pattern. The
hazard is first located at its source while it forms (shown as a horizontal line at O = 0). Once the hazard
has fully triggered and begins to move towards the community, the hazard line indicates the position of
the leading edge of the hazard plume (shown as a rising line with a positive slope). The variable TSFORM
describes the time required for the hazard to form in the source zone. The variable TSPROP describes the
time span required for a hazard to propagate from its source zone to the community at risk. While this will
be a function of the hazard's properties and transport mechanism, this can be simplified here to an average
propagation velocity, vHAZ, which is the slope of the line of the hazard front during TSPROP. A steeper line
indicates a higher propagation speed.
The space-time trajectories for three hazards, H1, H2 and H3, are shown in Figure 36 with H3
shown as a bold line. Hazards H1 and H2 have shorter formation times and higher propagation velocities
than H3. Depending upon the hazard type, TSFORM may range from days (e.g., a hurricane or volcanic
eruption) to minutes (e.g., a rapidly progressing dam failure or industrial accident). The hazard may have
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minimal or no intensity at the source location during TSFORM (e.g., a facility fire before the release of a
toxic cloud or the process of a dam breaching). TSPROP will be a function of OHAZ-COM and vHAZ. The
distance OHAZ-COM may range from zero metres (e.g., the hazard source zone is located within the
community) to many thousands of kilometres (e.g., for tsunami).
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Figure 36 - Hazard Formation and Propagation Distances and Times
The time-dependent actions of the CPS and each person must also be considered in parallel with
the hazard's formation and progression. It is assumed that the CPS can detect and diagnose the hazard
formation process in order to warn the person to take protective action. Figure 37 shows the journey to be
taken by the person from the origin to the destination. This figure uses the same format as Figure 36 with
the time and distance axes being identical. A person's journey is a space-time representation of the
location and velocity of an individual in the hazard impact zone. This route can pass through structures,
along roadways, up and down staircases and ramps and over bridges. The modes of travel can include
pedestrian movements and transport in vehicles such as cars, buses, watercraft and aircraft.
Although people can be stationary or moving before they are first notified, the example shows the
person as static. Similar to the hazard during the formation time span, the line showing the person's
position begins as a horizontal line at O to indicate that it is stationary at the origin. The time span that
represents all of the activities required to monitor, detect, diagnose and warn the person, and for the
person to decide and then mobilize, is combined into a single random variable TSMM. Similar to the hazard
parameters, the variables ORT and vPARU, describe the distance travelled and velocity of the person, and the
TSMOVE describes the time span required for the person to travel from the origin to the destination. Two
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examples of a journey by an individual are shown. Journey J1 shows the case in which a person is warned
very quickly and is able to move at a high speed toward the destination. Journey J2 shows the case in
which the time span TSMM is much longer and the person's speed is lower. If the person is able to reach the
haven, this is shown as a horizontal line at the destination D. This person will remain at this location until
the end of the trans-impact phase.
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Figure 37 - Individual Journeys: Travel Times and Distances from Route Origin to Destination
The possible encounters between the person and the hazard can now be considered. The spacetime trajectories of the hazard plume and the person's journey can be combined as shown in Figure 38.
The locations where the hazard line and the line for a person intersect are the moments in time when the
person encounters the hazard. Three encounters are shown for Journey J2 using circled numbers 1, 2 and
3 for hazards H1, H2 and H3, respectively. Hazard H1 forms and progresses so quickly that it catches the
person at the route's origin. Hazard H2 takes longer to form but also progresses quickly to catch the
person along the route. In the last case, the person is able to reach the haven before the hazard arrives.
The limit state functions GT1 and GT2 will be negative because there is insufficient time to achieve safety.
This is also called a time shortfall. In the third case, the limit state function GT3 is positive, so there is a
time surplus.
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Figure 38 - Encounters Between a Person and the Propagating Hazard Plume
Intensity, Protection and Strength: In addition to considering time versus distance travelled, it is
also possible to consider time versus hazard intensity and protection. This is shown in Figure 39. The
same horizontal time axis from the previous three figures is used here. The vertical axis is now the hazard
intensity (HAZ_I) and the combination of CPS protection and individual strength (CPS_P + PAR_S) as
experienced by the person as he travels along its route. The person's location is shown along the bottom of
the diagram. The person's strength is shown at left, and the change in protection as a function of time and
location is shown as the rising black line progressing from left to right. At the Origin, only the person's
strength is available because it is located at the lowest, leftmost point in the cross-section in Figure 35.
The person remains static for the time span TSMM and the protection remains constant until the person
begins to move along the route. The protection increases linearly until the person reaches the destination
haven. At this point, a final step-wise increase in protection is gained by entering the building.
Since the hazard plume and the person move within a common space-time coordinate system,
there could be an encounter at some point in time and location. Figure 38 shows three locations where this
occurs as a function of line J2 and the three hazard scenarios H1, H2 and H3. Figure 39 shows how the
sufficiency of protection can be assessed at these locations. The loss or survival of the person is
determined either through the direct interaction of the person with the hazard, or indirectly via the
interaction between the hazard and the CPS asset that protects the person. Similar to the assessment of
time sufficiency, there can be a protection shortfall or a protection surplus. In this case, the limit state
function GP shows that there are protection shortfalls at points 1 and 2 (shown as GP,O and GP,RT), and a
protection surplus at the destination (shown as GP,D).
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Figure 39 - Hazard Intensity, Individual Strength and CPS Protection During a Journey Along a Route
Estimating when and where the person might encounter the hazard, variations in the hazard
intensity and CPS protection along the route will be determined by complex interactions of many factors.
In the more general case, there will be uncertainties in the hazard formation times, magnitudes, pathways
and intensities within the community. The hazard intensity could show wide variations as a function of
time and location throughout the exposure zone for much of the trans-impact phase. Similar uncertainties
could be identified for the population and the CPS. It is reasonable to suggest that any assessment method
that attempts to estimate whether a proposed CPS can preserve life should be required to demonstrate the
ability to deal with these types of uncertainties.
4.3.5

Visualization and Estimation of the Life Safety MOE
Once a full set of performance estimates have been developed they can be visualized using a

number of methods such as maps, charts, plots of time-series and animations. It is proposed here that the
Life Safety Performance estimates can also be plotted in what can be called the Life Safety Performance
Space (Figure 40). The x-axis is GT and the y-axis is GP. This creates four quadrants that describe the four
possible types of outcome for each person: a surplus of both time and protection, shortfall of time and
surplus of protection, a surplus of time and shortfall of protection and a shortfall of both time and
protection. A person can survive if it ends up in one of the two top quadrants when the hazard arrives, and
the person will be lost if it ends up in one of the bottom two quadrants. If the person has sufficient time
and protection (top right quadrant) then it has reached its target haven and the haven has provided the
necessary protection. If the person has insufficient time and sufficient protection (top left quadrant) then it
has been caught by the hazard either at the origin of the route, or at some location along the route in the
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exposure zone. This might occur if the person is caught on a local high point of land and the hazard
intensity is not quite intense enough to cause a loss. The person can survive in this case. If the person has
sufficient time but insufficient protection (bottom right quadrant) then it has reached the haven but the
haven cannot protect the person and it will be lost. In the fourth quadrant (bottom left), the person has a
shortfall in both protection and time and will be lost. This can occur at the origin or along the route.
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Figure 40 - Life Safety Performance Space and One Person's Journey Line
For the person whose movement is as described in the example above, a line that shows how the
protection and time properties change during a ROHI hazard event is plotted in Figure 40. This is called
the Journey Line. This plot shows the same information as Figure 39 with two important changes. First,
when GT = 0, this means that both the person and the hazard arrive at the destination D at exactly the
same time (i.e., HAZ_T = CPS_T + PAR_T). This means that the x-axis in Figure 39 is translated
horizontally until the vertical GT = 0 axis lines up with the first time the person is at D. Second, in the
calculation of GP the y-axis is translated in the vertical direction so that the person's Journey Line at the
destination D is the amount GP,D, above or below the x-axis, depending upon whether there will be a
surplus or shortfall in protection, respectively. Once the Journey Line is established, it is possible to
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assess the influence of HAZ_T on loss and survival outcomes. This is shown in Figure 40 using the same
three hazard-person encounters from Section 4.3.4. In Case 1, the person encounters the hazard at the
origin and is lost because there is a protection shortfall (i.e., GP,O < 0). In Case 2, even though this
individual is caught along the route it has just enough protection to survive. In Case 3, the person has had
sufficient time to reach the destination and is given sufficient protection to survive (i.e., GP,D > 0). The
best case for the person is the rightmost end point of the Journey Line where both the time and protection
surpluses are the greatest.
Although Figure 40 shows how uncertainties in the hazard time (HAZ_T) can affect outcomes, the
other random variables (i.e., HAZ_I, CPS_P, PAR_S, CPS_T and PAR_T) were all single deterministic
values. Risk analysts and emergency managers want to fully assess the influence of emergent systems
behaviours and the many uncertainties associated with the random variables used in Equations (26) and
(27) on loss and survival outcomes. Figure 41 presents three examples that demonstrate how these factors
might affect outcomes. Figure 41a shows the influence of uncertainties in HAZ_I, CPS_P and PAR_S.
Variations in each of the variables will shift the Journey Line up or down. Extreme values at either end of
the hazard intensity range may virtually guarantee loss or survival in cases where the complete Journey
Line is either fully within the survival or loss domains. Similar uncertainties for the strength of each
person and for the protection offered by the CPS would also shift the Journey Line up or down. Note that
the uncertainties in each of the limit state variables may not be stationary along the Journey Line which
would further increase the complexity of estimating CPS performance.
Figure 41b considers delays in detecting the hazard, in warning the population, and in mobilizing
the population at risk. This is shown via a Journey Line that has an extended time span of TSMM. This will
shift the three times for encountering the hazard to the left along the Journey Line, which in turn could
lead to shortfalls in time or protection and an increased chance of loss. Figure 41c considers the influence
of emergent systems behaviours such as road congestion. The waiting time TSMM may be the same as in
Figure 41a but the time span of TSMOVE is now taking much longer as the high transport demand cannot be
handled by the roads, or the loss of a bridge requires people to take longer routes to safety. The times for
encountering the hazard will also shift to the left because the person will have a greater time deficit when
this occurs. Similar to Figure 41b, this leftward shift also reduces the protection provided to the person
with a possible increase in the chance for loss outcomes.
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Figure 41 - Examples of Effects of Uncertainties and Emergent Effects on Life Safety Performance: a)
Influence of Uncertainties, b) Delays, c) Road Congestion
The visualizations developed here also provide a mechanism for calculating Equation (23). Each
person will have their own Journey Line that spans the Life Safety Performance Space for each composite
scenario (CSi,j,k). One person may have many different Journey Lines for the full set of possible hazard
and vulnerability scenarios. This means that a fully-probabilistic approach must consider all of the
possible Journey Lines for each person in combination with the possible sets of scenarios and any
uncertainties that are modelled within each scenario set. This means that even for a single composite
scenario CSi,j,k an analysis should in principle produce a number of replicate runs in order to properly
characterize the within-scenario uncertainties. However, for the moment it is assumed that only one
replicate of one composite scenario has been calculated. This produces one [GT,GP] outcome coordinate
for each person. These points can be plotted in the Life Safety Performance Space as shown in Figure 42.
This is called an outcomes dataset. The loss and survival domains of the Life Safety Performance Space
are also shown. The cross-hatching indicates that the loss domain in this case is the lower two quadrants
(i.e., GP  0), and that the survival domain is the top two quadrants (i.e., GP > 0). The figure also shows
how the bivariate distribution fMOP(GT,GP) and the univariate marginal distributions fMOP(GT) and fMOP(GT)
could be developed.
Given that only one outcome has been produced for each person, loss or survival is simply
indicated by whether the individual ends up in the survival or loss domain. The simplest method for
estimating Life Safety Performance is to "count the points" in the survival domain (GP > 0). This
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produces the value NOK. Since the total population at risk NPARU is already known it is a simple matter to
calculate NLOL, FOK and FLOL. What is lost using this approach is the potential to investigate the
relationships between the Life Safety MOE, the two MOPs and the six random variables in Equations
(26) and (27).
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Figure 42 - Life Safety Performance Space, Outcomes and Performance Distribution for all Individuals
Since a fully-probabilistic assessment of MOEk requires that multiple replicates be produced for
each composite scenario CSi,j,k, this will produce a performance distribution for each person. For example,
if an analysis is estimating CPS performance for 250 people using 50 replicates, then there will be 50
outcomes datasets. The performance distribution for each person will be a sample set of 50 points. This is
shown conceptually in Figure 43. Each cluster corresponds to a performance distribution for one person.
The probabilities of survival or loss could then be developed for each individual. The distributions for
some of them will be far into the survival domain so their probability of survival would be one. The
distributions for some people will be on the edge of survival so their probability of survival will range
between zero and one. The distributions for some people will be located so far into the loss domain that
their probability of survival is zero. For people whose performance distributions straddle the GP = 0 line,
their loss or survival can be determined for counting and reporting purposes using MaxF.
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The potential to use this formulation to estimate individual risk and societal life safety can now be
discussed. Individual life safety considers the operational protection offered to a person located
anywhere within the hazard impact zone. Protective actions can be assessed for each person assuming no
interactions with others. Societal life safety assesses protection in the context of the demands and
challenges associated with a larger and more varied population. The key difference is that Societal Life
Safety Performance requires the simultaneous modelling of the behaviours and interactions of the entire
PAR system with the CPS and HAZ systems in order to gain insights into the range of possible outcomes.
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Figure 43 - Life Safety Performance Distributions for Several Individuals
4.3.6

Time-Dependent CPS Reliability and Formulation of the Life Safety State Space
An important aspect of the formulation of the Life Safety MOPs and MOE is the sensitivity of

CPS effectiveness to the six random variables in Equations (26) and (27). One example will be discussed
here: the time-dependent sensitivity of CPS effectiveness to the variable HAZ_T. This is similar to the
problem of estimating the time-dependent reliability of structures in terms of outcrossing events (see
Equation (7), Section 2.6.2). The current formulation of Life Safety Effectiveness can similarly be used to
estimate the time-dependent reliability of a CPS. Since most of the population begin with the origins of
their Journey Lines located in the bottom left quadrant (see Figure 40) the problem here is to estimate the
moment in time during a hazard event when the probability of survival for each person has increased to an
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acceptable level. This could be described as a time-dependent incrossing event for each person into the
survival domain before or after the hazard arrives. This can be interpreted using Figure 43 as requiring
that a specified proportion of each person's performance distribution is sufficiently above the GP = 0 line
that pf meets a specified reliability target. This can be formulated as a complement to Equation (7):

pOK t , u k

P ª¬ R t , u k ! S t , u k º¼ ;  t  >TS EVENT @

(28)

where pOK (t, uk) is the probability of survival, R(t ,uk) and S(t, uk) are now functions of time t, throughout
the trans-impact phase and are used in Equation (18) to describe the CPS, PAR and HAZ systems for
CPSk and all combinations of HAZi and VULj. TSEVENT is the full time span of the trans-impact phase. If
the variables in vector uk which determine HAZ_I, CPS_P, CPS_T, PAR_S and PAR_T are kept fixed and
if the variables in uk which determine HAZ_T are allowed to vary, then the set of outcomes would provide
a time-dependent estimate of CPS performance as a function of HAZ_T. This will yield a sequence of
time-dependent fMOP distributions as shown conceptually in Figure 44.
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Figure 44 - Time-Dependent CPS Performance (Time-Dependent Reliability) for a Population at Risk
Four fMOP distributions are shown in Figure 44 for HAZ_T1 to HAZ_T4. Each distribution is shown with its
mean [GT,GP] values, the derived probability ellipses for given values of V (e.g., one-, two- and threesigma) that summarize the set of outcomes and the eigenvalues and eigenvectors for each distribution.
The limit state line and the loss and survival domain for each distribution are also shown. As HAZ_T
increases the performance distributions move to the right and upwards into the survival quadrant. The
proportion of the population that remains in the loss domain should decline until the reliability of the CPS
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reaches a level of performance specified by the stakeholders. The sensitivity of CPS performance to faster
arrival times (i.e., smaller values of HAZ_Tn) can now be assessed. If the target reliability for the CPS can
be specified by the stakeholders, then it is possible to determine whether the proposed CPS is acceptable.
The sensitivity of CPS effectiveness to the other five random variables in the two performance equations
could also be assessed in a similar manner. An example of this type of output that shows four derived
performance ellipses is presented for tsunami evacuation in Figure 91, Section 6.7.
If the moment in time when each person achieves safety or is lost can be estimated then it is
possible to develop time-dependent summaries of Societal Life Safety. In principle these would be timeintegral measures such as NLOL(t)and NOK(t) and time-differential measures such as dNOK(t)/dt and
dNLOL(t)/dt. Figure 45 presents a schematic of this concept. The x-axis shows the three disaster time
phases and the y-axis shows measures of the community's population. Table 18 provides definitions for
the variables shown in the figure. TSEVENT was introduced above as the full time span of the trans-impact
phase. From the hazard perspective, this can be divided into two time subspans: TSH1 which is the time
span before the hazard first arrives in the community and TSH2 which is the duration of the time during
which the hazard affects the community. The endpoint of TSH2 is also the endpoint of the trans-impact
phase. The y-axis variables are the gross measures used to describe the community, i.e., NPOP, NPARU and
NOUT, and the gross outcome measures, i.e., NLOL and NOK. The time-dependent outcome values for NLOL(t)
and NOK(t) are also shown. Both outcome functions either stay constant or increase monotonically during
the event. This is because realizing a loss or reaching safety is an irreversible process. The performance of
the CPS is described in general terms using the time spans TSP1, TSP2 and TSP3 which describe the time to
the start of community protective action, the time span of protective action and the time span after
protective action is complete, respectively. Once the hazard and protective action time spans are known,
different time span margins can be derived. TSM1 estimates the time margin between hazard impact start
and protection start. This gross time margin is not the same as the individual time margin GT for each
person. TSM2 estimates the time margin between impact start and the time when the maximum NOK was
reached.
The time-differential properties of the loss and protection curves are also of interest. One
approach is to summarize NLOL(t)and NOK(t) using simple linearizations as shown in Figure 45. This
provides estimates of the average time-dependent mortality rate (dNLOL(t/)/dt) and the average timedependent survival rate (dNOK(t)/dt). Mitigations and emergency plans will attempt to maximize
dNOK(t)/dt and reduce dNLOL(t/)/dt to zero. In the post-impact phase, the new value of NPOP will be its
original value at the end of the pre-impact phase reduced by the value NLOL. This is also identical to the
sum of NOUT plus NOK at the end of the event.
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In the example shown in Figure 45, TSM1 is positive which indicates that the protective actions
started before the hazard impacts began, but TSM2 is negative which suggests that the hazard arrived
before protective actions could be completed. In this case, this shortfall may have contributed to the loss
of life. An emergency manager would prefer to have both TSM1 and TSM2 positive in order to complete all
protective actions before the hazard arrives. Together, Figure 45 and Table 18 provide a useful approach
for presenting generalized time-dependent summaries of the performance of a CPS.
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Figure 45 - Time-Series View of Events, Outcomes and Derived Performance Variables
Table 18 - Time-Dependent Outcome Variables for a Composite Scenario
Theme

Time Variables

Definition

General Event

TSEVENT

Time span (duration) of the trans-impact phase.

Hazard Impact
& Loss

TSH1
TSH2

Time span before the first impacts of the hazard.
Duration of hazard impacts within the community.

Protection &
Survival

TSP1
TSP2

Time span to start of community protective actions.
Time span to complete community protection actions.

Gross Time
Margins

TSM1 = TSH1 - TSP1
TSM2 = TSH1 - (TSP1+TSP2)

Time margin between impact start and protection start.
Time margin between maximum NOK and impact start.

Gross Outcome
Rates

dNLOL(t/)/dt | - NLOL / TSH2

Time-dependent rate of mortality during time span TSH2.
Time-dependent rate of survival during time span TSP2.

dNOK(t)/dt | NOK / TSP2
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The time-dependent loss and survival outcomes can also be visualized in a Life Safety State
Space (Figure 46). The horizontal axis of this space is NLOL(t) and the vertical axis is NOK(t). The
minimum value for both axes is zero and the maximum possible value is NPARU. The shaded triangle
shows the full set of possible states for the population from the start of the trans-impact phase at t = 0
until the end of this phase at t = TSEVENT. The desired performance target in all cases is the top-left point
NOK(10) = 100, NLOL(10) = 0. The line dropping at 45 degrees from the performance target to the bottom
right is NLOL + NOK = NPARU. This is called the Life Safety Outcomes Line and it describes the full set of
possible performance outcomes for the population. Note that the outcome measures FOK and FLOL can also
be mapped to this number line where [FOK = 1, FLOL = 0] is at the top left corner and [FOK = 0, FLOL = 1] is
at the bottom right corner. All trans-impact disaster phases start at the origin and progress towards the
Life Safety Outcomes Line along a PAR System Behaviour Curve which shows the time-varying values
of NLOL and NOK for the whole disaster phase. The CPS goal is to reach the top left corner.
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Figure 46 - Life Safety State Space Plot
4.3.7

Exploration of Different Forms of the Life Safety Assessment Function
The final issues related to the initial formulation of the Life Safety Measures address two

requirements: 1) the need to add detailed consideration of CPS performance at the origin, along complex
routes and at the destination of each person's journey; and 2) the need to specify the function

fGT ,GP GT , GP o LOL which uses system reliability logic in order to determine loss/survival outcomes
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in the [GT, GP] domain. The CPS may offer different levels of protection at the origin, along the route, and
at the destination of a person's journey. The person may start in a structure which has a specific protection
level and mode of failure. The route to the target haven may involve multiple modes of travel using
vehicles or movements on foot, and traversals through very different spaces such as open geography,
along a road network or through complex structures. Each segment of the route can be called a leg and
each leg can have its own traversal time and protection level. The destination may also be a structure
which offers protection. Since it may not be possible to simulate the full set of movements of the persons
as a continuous space-time model, an alternate approach might employ a collection of GP and GT
functions that estimate CPS performance at the origin, along the legs of the route, and at the destination.
Given

these

considerations,

it

is possible

to

identify

a

set

of

methods

for

assessing

fGT ,GP GT , GP o LOL as shown in Table 19. Four methods are identified: Continuous, Single-Leg,
Multi-Leg and Simplified. Each of these methods and the descriptive columns in the table will be
discussed in turn.
Table 19 - Summary of Life Safety Assessment Methods
Life Safety
Assessment
Method

Assessment
Locations

# of
Legs in
Route

# of G
Functions

# of Random
Variables to
Estimate

# of Possible
Outcomes

Survival
Domain
of [GT,GP]
Space2

2

6:Each is a
continuous
function of time,
location, etc.

2: Loss or survival

Top two
quadrants
(1 and 2)

1

5

12

6: Loss or survival at
origin, on route, or at
destination

Top two
quadrants
(1 and 2)

3. Multi-Leg

At origin,
along each leg
of route, at
destination.

NL

3 + (2 x NL)

8 + (4 x NL)

4 + (2 x NL)

Top two
quadrants
(1 and 2)

4. Simplified

Time to
destination and
protection at
destination

N/A

2

6: Simplified

2: Loss or survival

Top right
quadrant
(1)

1. Continuous

At origin,
along route, at
destination.

Any

2. Single-Leg

At origin,
along route, at
destination.

1. NL = Number of legs along a route RT. 2. See Figure 42 and Figure 49.

The Continuous Method is discussed first. As was described in Section 4.3.3 the main
formulation uses two G-functions, GT and GP, that are assessed along the full Journey Line. The survival
domain is the top two quadrants of the Life Safety Performance Space shown in Figure 42. The six input
variables HAZ_T, HAZ_I, CPS_T, CPS_P, PAR_T and PAR_S used in Equations (26) and (27) are
functions of the vector u. This is the most detailed representation of the journey and outcome for each
person.
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The Single-Leg Method is discussed second. This method assesses CPS performance at the
origin, along the route as a single leg and at the destination. Five limit state functions are used to estimate
performance: two time functions GT,O and GT,RT which assess the sufficiency of time at the origin and
along the route, respectively; and three protection functions GP,O, GP,RT and GP,D which assess the
sufficiency of protection at the origin, along the route and at the destination, respectively. These require
estimates for fifteen random variables (i.e., three for each G-function). The logic for using these functions
can be shown using a decision tree diagram (Figure 47). This shows the sequence for evaluating each G
function. The outcomes are shown along the right-hand side. The time function GT,O is assessed first. If
there is a time shortfall, then the person is caught at the origin and GP,O is assessed to determine whether
the person survives. If GT,O > 0 then there is a time surplus and the person makes it to the route. GT,RT d 0
then the person is caught on route and GP,RT is assessed. If the person is able to reach the haven, then only
GP,D must be assessed at the destination. A GT function to assess the time for ingress into the haven could
also be added but this is not shown here. This shows that in order to assess Life Safety Effectiveness for a
single-leg journey, five G-functions are assessed to produce six possible outcomes: survival or loss at the
origin, survival or loss along the route and survival or loss at the destination.
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Figure 47 - Event Tree Diagram for Assessing CPS Performance
The assessment logic can also be expressed in terms of the Indicator Function introduced in Section 4.3.1
as follows:

si

1 if ª (GT ,O  G P ,O ) * GT ,O  GT , RT  G P , RT * GT ,O  GT , RT  G P , D
°
¬
®
°̄ 0 if ª¬ (GT ,O  G P ,O ) * GT ,O  GT , RT  G P , RT * GT ,O  GT , RT  GP , D

º
¼
º
¼

(29)

where the conditions of insufficiency are shown with a bar over a limit state symbols, and conditions of
sufficiency are shown without a bar over the symbols. The loss or survival outcomes are assessed using a
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combination of Boolean "AND" () and "OR" (ª) operations. Equation (29) and Figure 47 are logically
equivalent.
The Multi-Leg Method is discussed third. This approach considers more than one leg along a
route. The extended event tree diagram for a multi-leg journey is shown in Figure 48. More logic
branches for each additional leg of the journey can be inserted between the origin and destination
columns. If there are NL legs in the journey, by inspection of the figure the number of G functions to
assess is 3 + (2 x NL) and the possible number of outcomes is 4 + (2 x NL). The survival domain is the top
two quadrants of the Life Safety Performance Space. The number of random variables to be estimated
also increases as a function of NL.
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Figure 48 - Extended Framework and Event Tree Diagram for Assessing CPS Performance
Table 20 identifies the number of random variables that must be estimated for a multi-leg
journey. The six random variables from Equations (26) and (27) comprise the six main columns in the
table and the possible locations for people at the origin, on route and at the destination are the main rows.
If a random variable needs to be estimated this is indicated by a '1'. The variable PAR_S is a special case
because the same value applies at all locations. By inspection, equations for the number of random
variables for each of the HAZ, CPS and PAR systems are produced, and then combined into a single
equation. An analyst may choose to use more random variables to reflect additional complexity in the
model. If the available data are very limited then the analyst may only be able to use a single leg method
until more information can be gathered. Note that as the number of legs along the route approaches
infinity (i.e., NL o f) the multi-leg method converges to the continuous method.
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Table 20 - Number of Random Variables in the Limit State Equations
Locations

Random Variables
Hazard

CPS

PAR

HAZ_I

HAZ_T

CPS_P

CPS_T

1

1

1

1

1

Leg 1

1

1

1

-

1

Leg 2

1

1

1

-

...

1

1

1

-

1

Leg NL

1

1

1

-

1

1

-

1

-

-

At Origin

PAR_S

PAR_T

On Route

At Destination
Counts
Summation

3 + (2 x NL)

3 + NL

1

1

2 + NL

8 + (4 x NL)

The Simplified Method is discussed fourth. This provides a means of using the proposed Life
Safety MOE for special cases in which ROHI hazards may have extreme intensities such as for a lahar, a
historic tsunami, an EF5 tornado, a major dam failure, tunnel fires, and the release of highly toxic
chemicals. Examples include: the Nevado del Ruiz lahar (Mileti et al. 1991), the Great Sumatra-Andaman
Tsunami (Lay et al. 2005), the Great Tohoku Tsunami (MCEER 2011a), the Joplin Tornado (NOAA
2011), the Malpasset Dam failure (Johnstone et al. 2003), the Vaiont Dam disaster (McClelland and
Bowles 2002), and the Bhopal Gas Leak (Dhara and Dhara 2002). In such cases, the HAZ_I values at the
origins and along each route can be much greater than the sum of PAR_S and CPS_P at these same
locations. While sheltering within hardened internal havens may be possible, full evacuation to external
havens is preferred. Since the majority of Journey Lines will only show a surplus of protection and time at
locations very close to the havens, this makes the top right quadrant the key survival domain. Assuming
that HAZ_I >> CPS_P + PAR_S for each person's Journey Line at the origin and along the route, then
GP,O  0 and GP,RT  0 and Equation (29) can be simplified:

si

1 if ª GT ,O  RT  GP , D º
¬
¼
°
®
°0 if ª¬ (GT ,O  RT  GP , D ) * GT ,O  RT  GP , D * GT ,O  RT  GP , D ¼º
¯

(30)

where GT,O+RT assesses the combined set of times required to get each person to a haven. Sufficiency of
protection GP,D is assessed at the haven. Figure 49 presents three different views of this approach: as a
system reliability diagram (Figure 49a), as an event tree diagram (Figure 49b), and as the Life Safety
Performance Space (Figure 49c). These schematics and Equation (30) are mathematically equivalent.
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Figure 49 - Representations of the Simplified Life Safety Assessment Method: a) System Reliability
Diagram, b) Event Tree Diagram, c) Life Safety Performance Space
The four possible outcomes developed using the Simplified Method are as follows:
x

The protection offered at the target haven is sufficient and there is also sufficient time to get there.
The person could survive; (quadrant 1);

x

The protection at the haven is sufficient but the person is caught by the hazard before reaching the
haven. The person is lost (quadrant 2);

x

The time to get to the haven is sufficient but the haven does not offer enough protection. The person
is lost (quadrant 3);

x

There is not enough time to get to the haven and the haven does not offer sufficient protection
anyway (quadrant 4). The person is lost.

Planners can use this information to decide how to improve proposed mitigation and response plans. For
outcomes in quadrant 2, if improvements to the CPS can help the person reach the target haven sooner,
then its outcome could shift to the right perhaps into the survival domain. While it may be possible to
harden the target havens for outcomes in quadrant 3 it may be better to consider different destinations.
Quadrant 4 is the worst case outcome. It suggests that the target haven cannot be reached in time and even
if this individual is able to reach this location the haven cannot provide sufficient protection. Both
additional time and additional protection must be provided. Note that the method being developed here is
not intended to focus solely on the protective actions of the population.
The Life Safety Measures proposed here can also be used to assess hazard-focused mitigations
such as the use of defensive structures that might control the hazard and increase the time available to
reach the havens. This would allow stakeholders to assess different combinations of hazard- and
vulnerability-focused measures. The Continuous Method provides the capability to develop a
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probabilistic, continuous time, fully descriptive assessment of the interactions of the three systems and the
detailed outcomes for each person. But this will also require the development of very detailed datasets
and behavioural models and this approach can produce a very large amount of outcomes data that must be
post-processed in order to develop the MOPs and MOEs. The Single- and Multi-Leg Methods offer a
practical compromise which allows analysts to consider what might occur at the origins, along the routes
in a generalized manner using average capacity and demand values and at the destinations. Rather than
developing a highly detailed simulation model, depending upon the number of legs the analysts may only
need to estimate five, seven or nine G-functions which in turn would require estimates for twelve to
twenty input random variables. While the estimated loss and survival outcomes could be very uncertain in
some cases, it may be easier to develop estimates for the random variables and to explain these estimates
to stakeholders. Given that the use of average values may understate the losses in some cases, the
estimates will not necessarily be conservative. The Simplified Method is useful for assessing CPS
performance for more extreme hazard events and for unique contexts such as building and tunnel fires. It
could also be used to develop initial performance estimates that would guide the planning of more
detailed analyses using the first three methods.

4.4

Summary and Discussion
Chapter 4 formulates the Life Safety MOPs and MOE. It provides a simplified problem

description, introduces key concepts and defines the outcome variables. The typical steps that might be
taken by stakeholders as they work through the process of estimating CPS performance are described.
Scenarios which describe the properties of the HAZ, CPS and PAR systems can be developed and
combined to form composite scenarios that are used as inputs to some form of simulation or estimation
process. Benchmark estimates of NPARU, NLOL, NOK, FLOL and FOK can be developed to characterize loss
and survival outcomes under a no-mitigations, no-plans assumption. These can then be compared with
outcomes that are a function of CPS alternatives.
Section 4.3 formulates the reliability-based Life Safety Measures by building on concepts
developed for assessing building fire safety, the stability of people in floodwaters and the response of
structures to hazards. It is proposed that the sufficiency of time and of protection for each person in the
exposure zone can be assessed using two limit state equations: one for time and one for protection. Three
variables are introduced that describe the temporal and physical properties of the HAZ, CPS and PAR
systems. These are used in each equation to quantify the demands of the HAZ system and the capacities
of the CPS and the PAR systems. In the process of incorporating spatial and temporal factors, the concept
of a Journey Line is developed. The estimated outcomes can be plotted in a Life Safety Performance
Space that can be also used to visualize performance distribution, to estimate the reliability of CPS
alternatives and to review and assess CPS performance with stakeholders. The potential for using the
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methods to estimate the time-dependent reliability of CPS is also discussed. This leads to the
development of the Life Safety State Space. The formulation concludes with a discussion of four methods
that could be used to estimate the Life Safety Effectiveness of a CPS: Continuous, Single-Leg, Multi-Leg
and Simplified.
Sufficiency of time is a fundamental first condition that must be satisfied before the protection
offered by the CPS can be used effectively. In situations where the CPS could engage the hazard plume
directly, time will be of the essence to mobilize the resources that can deflect or suppress the hazard's
intensity. A time surplus can also increase the robustness of plans to unexpected events, provide more
time to consider of a wider range of alternatives and offers an increased capacity to protect larger
populations. The Life Safety Measures express the fundamental concept that if time is not used effectively
then the protection offered to the population during a ROHI hazard event may be greatly reduced.
The full set of response options available to each person will be more varied than the single route
to a single haven assumed in this Chapter. Each individual may be able to choose from multiple internal
and external havens, multiple routes to these havens and multiple transport modes. Their journeys might
include actions which initially appear to be unsound. A person may begin its response by moving further
into the hazard impact zone along the only available route to safety or a person may need to collect and
transport a vulnerable relative such as a schoolchild or an elderly family member.
The formulation developed in this Chapter simplifies the community layout to a single crosssection and reduces the complexity of the propagating hazard plume to a single arrival time and single
elevation variable. There is a need to delve further into the full three-dimensional time-dependent
properties, behaviours and interactions of the HAZ, CPS and PAR systems. Extensions and
interpretations that address some of these issues are developed in the next two Chapters.
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5

Interpretations, Extensions and Examples of the Life Safety Measures
Chapter 5 builds on the initial formulation of the Life Safety Measures in Chapter 4 and on the

framework for modelling the HAZ, CPS and PAR systems in Chapter 3. It provides interpretations of the
methods, extends the formulations and provides detailed examples that show how the measures can be
estimated, visualized and interpreted.
The problem definition in Section 4.1 is updated here as shown in Figure 50. As before, a
community is threatened by a ROHI flood hazard. Four possible hazard intensities and exposure zones are
shown. The CPS uses the services of two organizations that will be called ORG1 and ORG2. ORG1 is the
owner of a technological facility such as a dam. The owner has an Operations Centre that oversees the
operations and maintenance of the facility (e.g., one or more dams and reservoirs). The Operations Centre
may be operational 24 hours a day, seven days a week. In times of emergency it may become an EOC and
ORG1 may have field crews that can be dispatched to deal with the emergency.
The second organization (ORG2) is the community at risk which has its own EOC. Although
communities might become aware of a hazard and mobilize on their own initiative this problem definition
assumes that the chain of custody for awareness of the hazard passes through ORG1 to the community.
The community is responsible for local hazard control, the mobilization of its own crews and first
responders, local actions taken by the crews to abate or control the hazard and the warning and protective
actions taken by the population (e.g., evacuate or shelter). The population at risk, a set of buildings, a
transportation grid and warning system are also shown. The topography of the community is lowest to the
west along the edge of the river and rises to the east until it reaches high ground along the eastern edge.
The community is divided by a smaller tributary that flows from an escarpment along the high ground
down to the main river channel. The two halves of the community are connected by one bridge located
near the main river channel. Three internal havens (IH1, IH2 and IH3) and two external havens (EH1 and
EH2) are available.
A second interpretation of Figure 50 is that ORG1 is a government agency which maintains a
24x7 Operations Centre to provide nationwide services for natural hazards such as extreme weather,
interface fires, flash floods and tsunami. In the second case the agency provides monitoring, diagnosis,
forecasting and notification services to communities and other stakeholders that might be affected by an
impending hazard. ORG2 in this second case is the same as before. Given this problem definition, a series
of extended formulations and examples are developed below. They explore various aspects of the ROHI
hazard problem space and of the Life Safety Measures.
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Figure 50 - Hazard Scenarios, CPS and Community Layout

5.1

Estimation of CPS Effectiveness Using the Safety Margin Method
The Simplified Method described in Table 19 (Section 4.3.7) and Equations (26) and (27)

(Section 4.3.3) expresses GT and GP in safety margin form. If the six random variables in Equations (26)
and (27) are independently distributed Normal random variables then the probability of failure pf can be
calculated using the Safety Margin Method described in Section 2.6.2. This is applied once for GT and
again for GP as follows:

ET

PT
VT

EP

PP
VP

P HAZ _ T  [ PCPS _ T  P PAR _ T ]
V 2 HAZ _ T  V 2CPS _ T  V 2 PAR _ T

(31)

[ P PAR _ S  PCPS _ P ]  P HAZ _ I

V 2 PAR _ S  V 2CPS _ P  V 2 HAZ _ I

(32)

where each of HAZ_T, CPS_T, PAR_T, HAZ_I, CPS_P and PAR_S have their own means (e.g., PHAZ_T)
and standard deviations (e.g., VHAZ_T), the variables PT, PP VT, and VP are the first and second moments of
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the time and protection random variables, and ET and EP are the reliability indices. The assumption of
independence means that the cross-correlation terms between the three variables in each equation drop out
and the probabilities of failure for time and protection are:

p f GT d 0

) ET

p f GP d 0

) EP

(33)

where )(u) is the CDF function for a Normal (0,1) Distribution. Applying the logic for the Simplified
Method the probability of survival is:

pOK

ps (GT ! 0) ps (GP ! 0) ª¬1 ) ET º¼ ¬ª1 ) EP ¼º ) ET ) EP

(34)

This is the simplest method for estimating CPS Life Safety Performance.

5.2

Estimation of CPS Effectiveness for a Single-Leg Journey Using Monte Carlo
Simulation
This example shows how CPS effectiveness can be estimated by considering a Single Leg

Journey (see Section 4.3.7) and how the results can be visualized in the Life Safety Performance Space.
The example also shows how interactions of the HAZ, CPS and PAR systems can be modelled using the
six random variables in the two performance equations. The MCS method will be used to develop the
estimates. The estimate of CPS effectiveness is developed for one individual. The triplet of hazard,
protection and response chains is shown in Figure 51. The hazard chain shows the hazard initiation and its
propagation to affect the origin, the route and the destination. The protection chain shows how the CPS
detects the hazard, warns the person and provides protection at the origin, on the route and at the
destination. The response chain shows how the person begins unaware of the hazard, becomes aware,
takes time to mobilize, and then evacuates to the destination haven. Three possible interactions between
the HAZ and the person at risk are shown at the origin, on the route and at the destination.
Table 21 presents assigned parameter values for the twelve random variables used to estimate
CPS performance. It is assumed here that each of these random variables is uniformly distributed and
independent and the values are selected for demonstration purposes only. Although the units of hazard
intensity can be any physical, biological or chemical measure they are assumed to be metres of water
depth. The scenario assumes that the hazard intensity is highest at the origin and declines towards the
destination, while the CPS protection follows the reverse pattern. As the person gets closer to the haven
the hazard intensity declines and the CPS protection increases. The time parameters are selected so that
the person can be caught at the origin, caught along the route or after the person reaches the destination.
The person's strength is also uncertain. It is assumed to be related to the typical height of an adult. Since
this is a hypothetical example the range of heights has been rounded to ones of metres.
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Table 21 - Parameters for the Input Random Variables
Time(minutes)

Hazard

Uniform
Distribution>
Timeofarrival
HAZ_T atOrigin(O)
HAZ_T atDestination(D)

CPS

PARU

Min

Max

20
30

70
90

HAZ_I atOrigin(O)
HAZ_I onRoute(RT)
HAZ_I atDestination(D)
Heightofhaven

15
15
15

45
40
35

10

20

CPS_P atOrigin
CPS_P onRoute
CPS_P atDestination
HeightofPARU

0
15
25

25
25
40

20
30

25
35

PAR_S

1

2

Timetodetectandwarn
CPS_T

Timetomobilizeandmove
PAR_T :timetomobilize
PAR_T :timetomove

Intensity/Protection/Strength(m)
Uniform
Distribution>
Min
Max
Heightofwater

One thousand realizations of these variables were randomly selected from the distributions
resulting in the Life Safety Performance plot shown in Figure 52. This plot shows six possible outcome
types. The square symbols show outcomes at the origin, the diamonds show outcomes along the route,
and the dots show outcomes at the destination. Survival events are shown in shades of green and loss
outcomes in red and orange. The survival outcomes from left to right correspond to survival at the origin,
on the route and at the destination, respectively. The loss outcomes from left to right correspond to loss at
the origin, on the route and at the destination, respectively. All outcomes that occurred at the origin or
along the route are plotted in the Life Safety Performance Space to the left of the GT = 0 line. All
outcomes at the destination are shown to the right of this line. The average values for GT and GP at the
three locations are shown as three blue triangles.
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Figure 52 - Probabilistic Assessment of Life Safety Effectiveness for One Person at Risk
A summary of the outcomes dataset is provided in Table 22. The average GT and GP values are
shown as well as the number of encounters between the person and the hazard at the origin, enroute and at
the destination. The total numbers of loss and survival outcomes (NLOL and NOK) are shown as well as the
loss (FLOL) and survival (FOK) rates. The survival rate is lowest at the origin (9%) and highest at the
destination (83%).This relationship can also be found by simple inspection and comparison of the ranges
for HAZ_I and CPS_P at each location. This increase in the margin of protection is also shown in the
figure.
Table 22 - Summary of Outcomes for One Thousand Realizations

Countand%
PARUEncounters
Hazard:
AtOrigin
OnRoute
AtDestination
Overall

GT
350
331
319
1000

35% 27
33% 8.7
32% 7.8
100% 9.3

GP

MeasuresatLocation
N LOL
N OK
F LOL

F OK

16
6.7
8.3
4.8

317
257
54
628

9%
22%
83%
37%

33
74
265
372

91%
78%
17%
63%

The overall life safety effectiveness of the CPS is estimated to be 37% and the average shortfalls
in time and protection are 9.3 minutes and 4.8 metres, respectively. Given that the time performance is
poor with the person only reaching the target haven about 32% of the time, a reduction in any of the CPS
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or the individual's times could greatly increase the probability of survival. Additional hazard-based
mitigations that might delay hazard onset could also reduce losses.
This first example has a number of important limitations. Only the successful operation of the
CPS and the response behaviour of the individual have been modelled. Additional hazard, protection and
response chain triplets could be developed and analysed for the failure of CPS detection, failure of CPS
warning and non-response by the person. The conditional probabilities of each of these failure events
would also have to be estimated. The analysis does not explicitly consider the community layout, the
evacuation route geometry and the possibility of multiple routes, different travel modes, road congestion
or the availability of other target havens. The time- and location-varying properties of the hazard are also
not considered. The formulations and examples below to address these limitations.

5.3

Estimation of Safelines and MaxF Isochrones
Many risk analysis and emergency planning processes usually begin by attempting to estimate the

maximum extent of the hazard impact zone, the hazard propagation speed and arrival times and the extent
of the community exposure zone. This section describes how this information can be characterized and
used to visualize CPS effectiveness. Three concepts are developed: estimation of safeline extents,
estimation of timeline extents and development of a composite spatio-temporal analysis of the hazard.
5.3.1

Estimation of Safeline Extents
The process of estimating loss and survival outcomes for the Population at Risk may require the

specification of a maximum spatial extent of the exposure zone for a community. This extent can be used
to estimate NPARU and NOUT, and to identify candidate locations for external havens. The outline of this
zone can be called a safeline which is the boundary beyond which a person caught out in the open would
be safe from a hazard's primary effects for a specified maximum allowable probability of loss. This
safeline could be a boundary beyond which certain types of structures could survive the hazard's effects.
As shown in Figure 53 a set of safelines that radiate from a hazard source can be developed as a
function of the probability of failure of any class of object. This can be produced by combining a spacetime model of the hazard intensity with the fragility curve (see Appendix D.1). Each safeline corresponds
to a maximum allowable probability of failure and hazard intensity J. The safeline for a given J can then
be determined by analysing the space-time model of the progression of the hazard plume. The safeline
will be the geographic extent where HAZ_I t J for the full time span of the trans-impact phase. By
specifying a set of target hazard intensities (shown in the figure as J0, JMaxF, J50, J90, J100), a family of
safelines can be developed. The geographic extents of the safeline associated with each intensity are
labelled A through E. The most important safeline is JMaxF which corresponds to the stakeholder-specified
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maximum allowable failure probability MaxF. Once this value has been chosen by the stakeholders the
associated hazard intensity JMaxF can be found from the fragility curve. This is the maximum allowable
hazard intensity for that type of object. Although Figure 53 uses a simple example with ellipses radiating
from the hazard source, in real-world cases there may be "islands" of safety within the exposure zone
(e.g., internal havens, high points of land). The safeline JMaxF delimits the minimum area to be evacuated
(Zones A to D).
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Figure 53 - Maximum Intensity Safelines as a Function of Maximum Allowable Failure Probability
The safelines can now be used to identify candidate external haven locations. First, recall that
external havens are defined to be destinations that are located outside of the exposure zone. A planned
route RT(x,y,z,t) can be overlaid on the map of safeline extents. The intersections between the route and
the safelines identify the candidate safe haven destinations. These are shown as D100, D90, D50, DMaxF and
D0 in Figure 53. The lower the desired maximum allowable failure probability MaxF the larger the
evacuation zone must be. The furthest evacuation distance is the extent at which pf = 0 which is J0 at D0.
In addition to the maximum possible evacuation zone the minimum mandatory evacuation
zone for the given class of objects can also be identified (i.e., MaxF = 100%, J100 at D100). This is Zone A
in Figure 53. The probability of loss of an object from this class within this zone is virtually certain.
While the geographic extent of the minimum mandatory evacuation zone could be an area proximal to the
hazard source zone, some transport processes may also create the need for mandatory evacuation zones at
locations far distant from the hazard source than might initially be assumed by the local community.
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5.3.2

Estimation of Timeline Extents (MaxF Isochrones)
Although the line JMaxF in Figure 53 shows the extent of the area where MaxF would be exceeded

at some point in time during the event (Zone D in the figure), it does not show the space-time progression
of the hazard plume from the hazard source zone to this maximum extent. However, an isochrone map
can be developed that shows this information (see Table 12, Section 2.5.5). Since MaxF has already been
defined by the stakeholders in order to identify the safeline, an analyst can select a fixed time span that is
appropriate for the hazard event in question (e.g., five-minute or half-hour intervals). A set of expanding
isochrones can then be extracted from the hazard plume model. These then show the zones where the
plume exceeds MaxF as a function of time. Figure 54 shows this concept for equally spaced time points
T1 through T5. These define Zones 1 through 6, with Zone 6 being the area beyond the isochrone for time
t = T5. The isochrone map can now be used to identify the maximum allowable time that is available to a
person as he travels along route RT to its target haven a DMaxF. Since the isochrone for the time point (T5)
passes through the target safe haven this means that the person must reach the safe haven before this time;
otherwise, he will be lost.
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Figure 54 - Determination of Isochrones as a Function of Maximum Allowable Failure Probability
5.3.3

Development of a Composite Spatio-Temporal Analysis of the Hazard
The hazard intensity safelines (Figure 53) and the isochrones (Figure 54) can be combined to

develop a spatial representation of the hazard's time and intensity demands as shown in Figure 55. The
combinations of the dosage safelines (A through E) and the isochrone timelines (1 through 6) for one
value of JMaxF can be used to produce the composite zones A1, A2, etc. Zone A1 is closest to the hazard
source and has the shortest arrival time whereas Zone E6 is the most distant and has the longest arrival
time. The properties of each combination zone can then be displayed in the Life Safety Performance
Space to provide a benchmark estimate. All of Zones A, B, C and most of D are the most dangerous areas
because they have both time and protection shortfalls. Zone E is the only area where the failure
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probability is acceptable. The person's target haven is shown in both schematics. This is the point where
GT = GP = 0. In principle, a proposed CPS will attempt to shift the estimated outcomes for the population
in Figure 55 from their current locations in the bottom left of the plot upwards and to the right into the
survival domain.
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Figure 55 - Visualizations of Space-Time Benchmark Analysis and Life Safety Performance Space

5.4

Estimation of GP, FLOL and FOK Using Fixed HAZ_I(x) and Varying CPS_P(x)
This section develops an extended formulation that shows how time-independent analytic

functions of GP can be developed for communities with different cross-sectional shapes. Figure 56 shows
the general layout in plan and cross-section form. The communities are assumed to be W metres wide and
L metres long. The population is uniformly distributed throughout the community with a density UPARU. A
hazard threatens the community. It travels a distance OHAZ-COM from the hazard source zone. When it
reaches a community it has a fixed value HAZ_I for the whole community extent. The range of possible
hazard intensities in the community are between zero and a maximum possible hazard intensity
HAZ_IMAX. The CPS offers protection to the people in the form of elevation. This is determined by the
cross-sectional shape. Three cross-sectional shapes are considered here: RT1 is proportional to the squareroot of x (i.e., quick rise, curved down), RT2 is linear in x (i.e., a ramp with angle T), and RT3 is
proportional to the square of x (i.e., slow rise, curved up). The origin of the x-axis is the lowest and
leftmost starting location for the people. All three curves intersect at x = 0 and x = L. The CPS offers
maximum protection CPS_PMAX at the highest elevation located along the right-hand edge of the
community. Each person has the same strength PAR_S. They can gain additional protection by moving to
the right to higher ground. If CPS_PMAX + PAR_S is greater than HAZ_IMAX then it is possible to protect
some of the people; otherwise, all of the people will be lost.
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Figure 56 - General Community Layouts: a) Plan view, b) Cross-Section View with Three Different
Community Shapes
5.4.1

Formulation for the Linear Cross-Section
The formulation will first consider the linear cross-section RT2. The parameters CPS_PMAX and L

define the cross-section equation. The protection limit state function for this case is:

GP , RT 2 x = > PAR _ S  CPS _ P ( x ) @  HAZ _ I ( x)
ª
§ x ·º
PAR
S
CPS
P
_
_

MAX
¨ ¸ »  HAZ _ I
«
© L ¹¼
¬

(35)

where PAR_S and HAZ_I(x) are constants for all x. CPS_P(x) describes the magnitude of protection as a
linear function from x = 0 to L with CPS_P(x) increasing from zero to CPS_PMAX. The extent of the
exposure of the people to the hazard can be calculated by solving GP,RT2(x) = 0 with PAR_S = 0 i.e.,
determining the extent for any exposure to the hazard:
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§ HAZ _ I ·
L¨
¸
© CPS _ PMAX ¹

xEXP , RT 2

(36)

The population is exposed to the hazard in the range x = [0 , xEXP,RT2]. The extent of the loss zone within
the exposure zone can be found by setting GP,RT2(x) = 0 with PAR_S non-zero and solving for xLOL,RT2
which yields:

0
; HAZ _ I  PAR _ S

°
L
®
° CPS _ P ( HAZ _ I  PAR _ S ) ; HAZ _ I t PAR _ S
MAX
¯

xLOL , RT 2

(37)

where the first row of the equation applies when the people can resist the hazard without assistance from
the CPS, and the second row applies when the demand of the hazard can exceed the capacity of the
people. Given Equations (36) and (37) and assuming that the population is uniformly distributed across
the community the Life Safety Measures are as follows for RT2:

NPOP

L uW u UPARU

N PARU , RT 2

(38)

xEXP, RT 2 uW u UPARU

(39)

NOUT , RT 2

N POP  N PARU , RT 2

(40)

NLOL,RT 2

xLOL, RT 2 uW u UPARU

(41)

NOK ,RT 2

NPARU , RT 2  NLOL,RT 2

(42)

FOUT , RT 2
FPAR , RT 2
FLOL , RT 2

NOUT , RT 2

xOUT , RT 2 u W u U PARU

N POP

L u W u U PARU

N PARU , RT 2

xEXP , RT 2 uW u U PARU

xEXP , RT 2

N POP

L uW u U PARU

L

N LOL , RT 2

xLOL , RT 2

N PARU , RT 2

xEXP , RT 2

1

HAZ _ I
CPS _ PMAX

HAZ _ I  PAR _ S
HAZ _ I

(43)

HAZ _ I
CPS _ PMAX

(44)

PAR _ S
HAZ _ I

(45)

1

Equations (38) to (42) estimate the number of people in the community, the number of people exposed to
the hazard, the number of people not-exposed to the hazard, the number of people that are lost and the
number of people that survive. Equation (43) is the proportion of the population that are not exposed,
Equation (44) is the proportion of the population at risk and Equation (45) is the proportion that are lost.
The derivation shows that for the cases where CPS_PMAX + PAR_S is greater than HAZ_IMAX the
exposure and mortality rates are independent of the length L and width W of the community and directly
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proportional to the safety margin (i.e., the difference between HAZ_I and PAR_S) divided by the hazard
intensity HAZ_I. If it is reasonable to model the protection offered by a CPS using a linear equation then
this approach can provide a first-cut approximation of CPS Life Safety Effectiveness.
Each of the non-exposure, exposure and loss magnitudes and ratios are interdependent. This is
because there are all determined by a common slope angle T. Figure 57 shows this concept. Figure 57a
shows the defining parameters from Figure 56 for the ramp cross-section (RT2). Figure 57b shows subtriangles that are defined by the hazard demand and the CPS and PAR capacity parameters. Triangle 1
represents the full extent of the ramp and has a slope T determined by L and CPS_PMAX. Triangle 2 shows
the proportion of length L for which the PAR are out of danger. Triangle 3 shows the proportion that are
exposed to the hazard. Triangle 4 shows the proportion of the population within Triangle 3 that would
survive. Triangle 5 shows the proportion of the population within Triangle 3 that would be lost. All of the
triangles in Figure 57 have the same slope T; therefore, all of the life safety equations can be related using
tanT for each of Triangles 1, 2, 3,4 and 5 (in order):

tan T RT 2

CPS _ PMAX
L
HAZ _ I
xEXP , RT 2

CPS _ PMAX  HAZ _ I
xOUT , RT 2
PAR _ S
xOK , RT 2

HAZ _ I  PAR _ S
xLOL , RT 2

(46)

Equation (36) can be derived by equating the ratios for Triangle 1 and Triangle 3. Similar derivations can
be produced for xOUT,RT2, xOK,RT2 and xLOL,RT2. and these lengths can then be combined with the population
density UPARU to calculate NPARU, NLOL, NOK, FLOL and FOK. This shows that relative proportions of the
population at risk, not at risk, etc. are all influenced by the common slope angle T with larger values of
this angle corresponding to greater protection. This can be achieved through smaller values of L (i.e., the
distance to safety) or larger values of CPS_PMax (i.e., greater overall protection). This graphic may
provide a useful method for explaining to stakeholders how the loss and survival outcomes are calculated
and how the community layout and land use planning can influence outcomes.
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Figure 57 - Geometric Representation of Limit State Calculations for GP: a) Ramp Cross-Section, b)
Geometric Ratios
5.4.2

Formulations for a General Cross-Section
The approach for the planar cross-section can be generalized by assuming a curve that has a shape

exponent N (N t 0) which defines the protection function along the x-axis in Figure 56. This produces the
following Life Safety Performance equations:

G P ,N

N
ª
§x· º
x = « PAR _ S  CPS _ PMAX ¨ ¸ »  HAZ _ I
© L ¹ »¼
«¬

(47)

1

FOUT ,N

§ HAZ _ I ·
1 ¨
¸
© CPS _ PMAX ¹

FPAR,N

§ HAZ _ I ·N
¨
¸
© CPS _ PMAX ¹

FLOL ,N

§ HAZ _ I  PAR _ S ·
¨
¸
HAZ _ I
©
¹

N

(48)

1

(49)
1

N

(50)
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Equations (47) to (50) now express the performance of the CPS as a general function of the crosssectional shape and the capacity of the population. The three cases in Figure 56 are now specified by N =
1/2, 1 and 2 for routes RT1, RT2 and RT3, respectively. Similar to the geometric argument for the linear
case in which the slope angle T has a common influence on the three outcome measures (i.e. FOUT, FOK,
FLOL), the shape exponent N has also a common influence on all of the performance measures. Given that
cross-sectional data for a community can be developed using a land survey, GIS or GPS, it would be
possible to estimate values for L, W, UPARU and the common slope angle T or the shape parameter N. These
parameters can then be substituted into Equations (48) to (50) to develop first-order estimates of CPS
protection.
Examples of FLOL curves for different values of HAZ_I, PAR_S and the cross-section shape
parameter N are shown in Figure 58. A new parameter BLDG_S is introduced to explore how mortality
might change if the individuals are able to shelter within a structure in the impact zone. HAZ_I ranges
between 0 and 50 demand units (e.g., metres), CPS_PMAX = 100 units and N = (0.5, 1.0, 2), PAR_S = 2
units and BLDG_S = 8 units. Two sets of three performance curves are developed: one set for the cases in
which individuals remain out in the open and a second set for the cases in which individuals shelter-inplace. For both sets of curves, FLOL is zero when the capacity of the individuals or the combined capacity
of the individuals and the buildings are greater than HAZ_I. The two curves with N = 2 have the highest
FLOL values within their group (shown as squares) and the two curves with N = 1/2 have the lowest loss
rates (shown as triangles). This example has shown how Equation (27) (Section 4.3.3) can be combined
with a general cross-sectional model to develop analytic estimates of Life Safety Performance of a CPS.
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Figure 58 - Calculations of FLOL for Values of HAZ_I, PAR_S, BLDG_S and the Cross-Section Shape
Parameter (N)
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5.5

Estimation of GP, FLOL and FOK Using Varying HAZ_I(x) and Varying CPS_P(x)
This formulation shows how the fixed hazard function can be replaced with an analytical function

that models variations in hazard intensity across a community. This approach has been used for a number
of hazard types such as fire, explosions, toxic releases, tsunami and dam failure (Fingas 2002; Kaila and
Sarkar 1982; Poblete and Lees 1984; USBR 1988; Yeh 2006). The formulation begins by assuming that
PAR_S is sufficiently small relative to HAZ_I(x) and CPS_P(x) so that it can be dropped in this case.
Building on the example in Section 5.4, two general equations for the hazard and protection functions can
be defined over the range x = [0, L]. These are:
NP

CPS _ P ( x )=CPS _ PMAX

§x·
¨ ¸
©L¹

; kP ! 0

(51)

NH

§ L ·
HAZ _ I ( x)=HAZ _ I MAX ¨
¸
© x 1 ¹

; kH ! 0

(52)

where Equation (51) defines the protection offered to the person as a function of CPS_PMAX, the
community length L, and a shape exponent kP. Equation (52) defines the hazard demand as a function of
x with a maximum demand HAZ_IMAX, community length L and a shape exponent kH. Note that CPS_P(x)
and HAZ_I(x) are not random variables but monotonic functions of x. The functional shapes defined using
Equation (51) are similar to many landforms that can be observed at local and regional scales. The
functional shape of Equation (52) reflects a progressive reduction in hazard intensity as an inverse
function of x. Other functions could also be considered. Substituting these two equations into the
protection limit state equation GP(x) produces the following result:

GP x =CPS _ PMAX

§ xN P ·
1
¨ N P ¸  HAZ _ I MAX
x 1
©L ¹

NH

(53)

By assuming values for CPS_PMAX, HAZ_IMAX, L, NP and NH, and setting GP(x) = 0 the loss transition
point xLoss and the mortality rate FLOL = xLoss / L can be calculated.
Table 23 presents a sample set of parameter values that can be used to help interpret Equation
(53). The goal is to find xLoss for GP = 0. The community length L is set to 1 so that xLoss becomes a
percentage of the length of the community. Since the population is uniformly distributed throughout the
community and L = 1, xLoss is also FLOL in this case and FOK is equal to 1 - FLOL = 1 - xLoss. Column [4]
relates the hazard demand and CPS protection by specifying the ratio between the two terms. Here the
maximum protection is assumed to be twice the maximum hazard demand. If these parameters were
describing a flood event, then the highest safe location would be twice the maximum height of the flood
waters. The table provides results for various combinations of NP and NH as specified in columns [5] and
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[6]. The value of xLoss is the root of the linear, quadratic, cubic or higher order polynomial specified by NP
and NH for GP = 0 that falls within the domain x  [0, 1].
Table 23 - Assumptions and Performance Estimates for the Time-Independent Example
Case

GP

[1]
1
2
3
4

L

CPS_PMAX /
HAZ_IMAX

NP

NH

FLOL = xLoss

FOK

[2]

[3]

[4]

[5]

[6]

[7]

[8]

0
0
0
0

1
1
1
1

2
2
2
2

0.5
1
4
4

4
2
4
0.25

11%
30%
54%
81%

89%
70%
46%
19%

Figure 59 presents sets of approximate curves for HAZ_I(x) and CPS_P(x) for specific values of

NP and NH with CPS_PMAX = 2 x HAZ_IMAX. The hazard curves all begin with the value HAZ_I(x=0) =
1.0 at the left and they decline inversely as specified in Equation (52). None of the hazard curves decline
to zero for x = 1.0 in this case. The protection curves begin with the value CPS_P(x = 0) = 0 at the left
and increase exponentially by the power of x as specified in Equation (51) to a maximum protection of
CPS_P(x=1.0) = 2.0. The transitions from loss to survival occur at the intersections of the CPS_P(x) and
HAZ_I(x) lines, i.e., the xLoss locations. In this hypothetical case, once CPS_P(x) is greater than HAZ_I(x)
the person is protected. The four cases shown in Table 23 are circled in Figure 59. For Case 1, the
associated parameter values and estimate for xLOSS are also indicated.
The two sets of HAZ_I and CPS_P curves can be used in combination to develop families of
GP(x) performance curves as shown in Figure 60. The GP = 0 line is also shown to indicate the boundary
between the loss and survival domains. The upper set of curves are developed with a fixed NP = 0.25 and
varying NH, and the lower set of curves are developed analogously with a fixed NP = 4.0. If the timedependent aspects of this problem were known then these curves could be used to develop Journey Lines
similar to those shown in Figures 40 and 41 (Section 4.3.5). As might be expected by inspection of the
curves in Figure 59, the level of protection under NP = 0.25 would be much more robust to variations in
HAZ_I than protection under NP = 4.0. The protection for NP = 0.25 rises quickly with the protection
surplus for all of the curves occurring near x | 0.05. By comparison it is only at x | 0.81 that people gain
a protection surplus for all cases where NP = 4.0. The CPS with NP = 0.25 might also be more robust to
smaller values of HAZ_T (i.e., a more rapid hazard arrival) because the horizontal distance to safety
would be shorter for a small population at risk (NPARU).
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Figure 59 - HAZ_I(x) and CPS_P(x) for Assumed Values of Protection Shape Parameter (NP) and Hazard
Shape Parameter (NH), and CPS_PMAX=2xHAZ_IMAX
2.00

kP = 0.25, kH = 0.25
kP = 0.25, kH = 0.5
kP = 0.25, kH = 1
kP = 0.25, kH = 2
kP = 0.25, kH = 4
kP = 4.0, kH = 0.25
kP = 4.0, kH = 0.5
kP = 4.0, kH = 1.0
kP = 4.0, kH = 2.0
kP = 4.0, kH = 4.0

1.50
1.00

GP(x)

0.50
0.00
-0.50
-1.00
-1.50
0.00

0.25

0.50

0.75

1.00

x

Figure 60 - Families of GP(x) Curves for Protection Shape Parameter NP = 0.25 and 4.0, and Varying
Values of Hazard Shape Parameter NH
The analytical approach presented here can be extended further using composite cross-section
functions. For example, Figure 61a presents a variety of functional shapes that could also be used. Figure
61b shows how these might be combined to produce cross-sections that reflect real-world situations.
Example 1 is the simple ramp used in Chapter 4. Example 2 uses a Dirac Delta function to model internal
havens. The area of each function could be calibrated to the protection offered by each structure or high
point of land. Examples 3 and 4 describe scenarios observed from the March 11, 2011 Great Tohoku
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Earthquake and Tsunami. Example 3 represents the flat coastal plain of Miyagi Prefecture, and Example 4
corresponds to the narrow embayments and steep hillsides of Iwate Prefecture. This will be explored
further in Chapter 7 which uses a time- and location-dependent numerical model of tsunami wave
propagation in order to estimate potential impacts on communities on Vancouver Island.
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Figure 61 - Composite Community Cross-Sections: a) Functional Building Blocks, b) Examples
Developed from Functional Building Blocks
This formulation has shown how the general Life Safety formulations can accommodate analytic
or fitted equations for both hazard intensity and community protection. It has also shown how families of
time-independent performance curves can be developed and how benchmark estimates of NPARU, GP, xLoss,
FLOL and FOK can be developed. Future work could investigate domain-specific demand, capacity and
performance functions for various ROHI hazard types such as tsunami, floods, lahar and toxic chemical
clouds. These could be based on phenomenological models or empirical data. This approach can also be
extended to consider two-dimensional (i.e., xy) hazard and protection functions.

5.6

Consideration of the Influence of Time-Dependent HAZ_I and CPS_P on Outcomes
Given that the actual intensity of a hazard can change as a function of time and location across a

community and given that CPS_P protection can similarly change as a function of a person's location and
movement it is useful to briefly explore how this can be modelled using the Life Safety Measures. An
example of a method that employs this time-dependent approach is a flood loss estimation model
proposed by Jonkman (2007) which estimates flood mortality as a function of flood depth, flow velocity
and time-dependent changes in depth (i.e., the rate of rise within the exposure zone).
Figure 62 shows snapshots of HAZ_I and CPS_P as functions of the horizontal distance x and
time t. The hazard is shown moving at a velocity vHAZ relative to a static frame of reference. Because
intensity is not constant along the length of the plume it can increase and decrease at different rates along
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its full extent. The change in the hazard intensity HAZ_I(x, t) at any location x can be expressed using the
chain rule:

dHAZ _ I  dHAZ _ I dx
=
dt
dx
dt

 dHAZ _ I
vHAZ
dx

(54)

Figure 62a shows a linear approximation of HAZ_I(x, t) at x1. For a horizontal movement dx of the hazard
plume to the right, the intensity at x1 will increase from HAZ_I(x1,t1) to HAZ_I(x1,t2) or by the amount
dHAZ_I. If HAZ_I(x, t) moves at a constant speed then in the limit as dt o0 the change in hazard intensity
is the slope of the hazard function at x1 times the hazard speed. The change in protection for a moving
person can similarly be expressed using the chain rule:

dCPS _ P dCPS _ P dx
=
dt
dx
dt

dCPS _ P
v PARU
dx

(55)

where the term dCPS_P/dx can be estimated using the slope of CPS_P around the person at x2 (Figure
62b). In the limit as dt o0 this becomes the slope of CPS_P(x). The change in the protection offered to
the person is a function CPS_P and the horizontal component of the person's velocity vPARU. These
derivations yield two time-dependent equations that relate the spatial, temporal and intensity properties of
the hazard to the spatial, temporal and protection properties of the PAR and CPS. The time-dependent
changes in HAZ_I and CPS_P throughout the impact zone can now be estimated. This approach can be
used to convert the families of static performance curves in Figure 60 into dynamic curves.
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Figure 62 - Time-Dependent Changes in HAZ_I(x) and the Protection offered to a Person [CPS_P(x)]
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5.7

Accounting for Multiple Loss Mechanisms for CPS Components and People
The estimation of the loss or survival of each person is a function either of the direct interaction

between each person and the hazard or between CPS objects and the hazard. The failure of the CPS object
can in turn cause the loss of people at risk. Section 2.5.5 identifies loss rate methods which can be applied
to a class of objects in the hazard exposure zone in order to estimate the total number that could be lost.
An important limitation of this approach is that it is not site-specific and cannot take local conditions into
account. An alternate approach is discussed here in which the hazard-object interactions are considered
explicitly using either an instantaneous loss mechanism, a cumulative loss mechanism or combinations of
mechanisms. This second approach is combined here with the GP limit state equation (Equation (27),
Section 4.3.3) to develop a method for considering multiple loss mechanisms for CPS objects and people.
The loss and survival outcomes for any class of objects for a given composite scenario CSi,j,k can
be assessed on an object-by-object basis using the following equation:

N LOSS

N OBJ 

N HAZ NVUL N CPS N OBJ

¦ ¦ ¦ ¦ I ª¬G
i 1

j 1 k 1 ID 1

P

CS i , j , k , OBJ ID , MaxF º¼

(56)

where GP is the protection limit state function (Equation (27), Section 4.3.3), CSi,j,k, is the composite
scenario, OBJ is the type of object being assessed, ID is the unique identifier of each object of that type in
the exposure zone, I[GP, MaxF] is the Indicator Function (Equation (21), Section 4.3.1) and MaxF is the
maximum allowable failure probability for the object. NOBJ is the total number of exposed objects of that
type, OBJID is the specific instance of each object and NLOSS is the total number objects of that type that
could be lost. Different types of loss measures could also be developed. The loss of the object itself, the
loss of protection provided by the object, the loss of services provided by the object or the loss of some
quantity of the object (e.g., total kilometres of damaged or destroyed roads). Three examples will be
discussed here: the loss of buildings, the loss of vehicles and the loss of people.
The first example considers a two-storey building that provides structural protection and vertical
evacuation opportunities from a flood (Becker et al. 2011; Johnstone et al. 2005). The equation for the
loss of buildings is as follows:
N HAZ NVUL N CPS N BLDG

N LOB

¦¦¦ ¦
i 1

j 1 k 1

ID 1

I ª¬ G P CS i , j , k , BLDG ID , MaxF º¼

(57)

where BLDGID is a building object, LOB is the Loss of Building outcome and NLOB is the estimated total
number of buildings lost. The other parameters are the same as above. Assuming that HAZ_I >> PAR_S
then the PAR_S term can be dropped from Equation (27) (Section 4.3.3). The protection function can now
consider a number of structural failure modes that includes instantaneous and cumulative loss modes:
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GP , BLDG t

GFloat
°G
° Sweep
®
°GStructural_Instant
°GBreach , Floor1
¯

G P , BLDG t


°GStructural_Cum
°
®
°
°GScour
¯

BLDGWeight - HAZ BuoyantForce
BLDGLateralStrength - HAZ LateralForce
BLDGStructural_Instant - HAZ Momentum
BLDGFloor1_ Openings - HAZ Depth

(58)

TS EVENT

³

BLDG Structural_Cum - HAZ Momentum dt

0

(59)

TS EVENT

³

BL DG SoilStrength - HAZ Scour dt

0

The loss modes in the two equations are described in Table 24. The literature sources are also indicated.
Table 24 - Examples of Multiple Loss Mechanisms for a Two-Storey Building
G-Functions and
Loss Mechanisms

Description and Sources

GFloat
Buoyancy Failure
(Float)

Instantaneous loss. Buoyancy forces lift the structure off its foundations. BLDGWeight is
the dead weight of the structure and HAZBuoyantForce is the vertical buoyancy force on the
structure as a function of local water depth. Although buildings can float and the
occupants can survive, the model logic could assume that if the building floats then loss
of protection will occur. [1, 2, 3, 7]

GSweep
Sweeping of
Structure Off
Foundation

Instantaneous loss. Lateral forces push the structure off its foundation. BLDGLateralStrength
is the capacity of the structure to resist a pushover force and HAZLateralForce is the
pushover demand. The pushover force can be proportional to the apparent width of the
building that resists the flow. This might consider an impulse force that is experienced by
the structure over a small time increment [1,2, 7].

GStructural_Instant
Structural Failure

Instantaneous loss. Shear, lateral and pressure forces from water and debris cause
instantaneous and rapid structural failure. If HAZMomentum is greater than
BLDGStructural_Instant at any time during the event then the structure is lost. Very similar to
GSweep. This might include an impact from debris carried by floodwaters. Structural
failure causes loss of life. [1, 2, 3, 4, 5, 7]

GBreach_Floor1
Breach Failure, Fill
of Structure - 1st
Floor

Instantaneous loss. If structural openings are closed, external hydrostatic pressure may
break through fenestration and other openings. This can be expressed by comparing
BLDGFloor1_Openings to a value for HAZDepth that is sufficient to break the glazing on the
first floor. This causes the filling of the floor and loss of protection which in turn causes
loss of life. [1, 6]

GStructural_Cum
Time-Dependent
Structural Failure

Cumulative loss. Continuous shear, lateral and pressure forces cause progressive failure
as walls and floors lose their integrity which leads to total loss of protection. Determined
by integration of the force experienced by the structure over a time period. This might
include multiple impacts from debris carried by floodwaters. Structural failure causes
loss of life.[2]

GScour
Foundation Scour

Cumulative loss. Continuous flows around the structure's foundation cause scouring or
ground failure of the surrounding ground. Local ground failure, rotation or settling of
structure may lead to structural failure and loss of life. [3, 5, 7]

Sources: [1] Becker et al. (2011), [2] Johnstone and Sakamoto (2004), [3] Kelman and Spence (2004),
[4] RESCDAM (2001), [5] Roos (2003), [6] Scawthorn et al. (2006), [7] Yeh et al. (2005).
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A second example of multiple loss mechanisms is the impact of hazards on conveyances such as
cars, buses, watercraft and aircraft that provide transport services to the population at risk and possibly
some marginal protection from the hazard. The basic loss equation could be:
N HAZ NVUL N CPS NVEH

N LOV

¦ ¦ ¦ ¦ I ª¬G
i 1

P

j 1 k 1 ID 1

CS i , j , k , VEH ID , MaxF º¼

(60)

where the inputs are the same as Equation (57) except that objects of interest are vehicles (i.e., VEHID).
The equation can consider the loss of the service provided by the vehicle or the loss of the vehicle itself.
In the first case, a vehicle's engine could stall or malfunction if water depths or the concentration of a
chemical are high enough. The necessary calibration data can be developed from experimental or
theoretical models, e.g., Gordon and Stone (1973). In the second cases, the GP equation can consider how
hydrostatic and hydrodynamic forces might float or sweep the vehicle into more dangerous waters or
cause it to fail structurally.
A third example of multiple loss mechanisms is the direct effects of hazards on people. Physical
or physiological analogues to the first three behaviours listed in Table 24 can be identified for the
population in the context of physical hazards such as floods and mudflows and extreme wind. People
caught in floods can lose their footing and be swept away or they can become buoyant and carried into
deeper waters (Jonkman et al. 2005; Lind et al. 2004). People can also be lost instantaneously due to very
high hazard intensity at their location (Jonkman and Kelman 2005) or due to cumulative exposure
(Brooks 2001; Golden et al. 1997). In addition to these direct effects on a person, mortality can be caused
indirectly through the failure or filling of a structure or the stalling, sweeping or collapse of a vehicle.
This discussion shows how the Life Safety Measures can be used to consider: multiple loss
mechanisms for different classes of object, different types of loss such as loss of service or the loss of the
object itself and how the loss one of type of object may contribute to the loss of another object. The
cascade of losses may not just apply from CPS objects to people, they can also consider other impacts
such as the loss of services provided by one CI sector to another. For example, the loss of power and
communications services may make it more difficult for a CPS to warn, mobilize and manage the
evacuation of the PAR to safe havens.
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5.8

Assessment of the Influence of Individual Decisions on Outcomes
The example developed here focuses at the detailed level on an individual. It shows how a range

of possible protective actions and the decisions taken by each person can influence loss and survival
outcomes. Figure 63 focuses on one person from the updated problem definition provided at the
beginning of this chapter. This person is located in the south-west corner of the community. This place is
at a low elevation, is highly vulnerable to the hazard and is furthest from the external haven. The analysis
here will only consider the two most extreme hazards (H3 and H4) from Figure 50.
ORG1

HAZ

Monitor

H4

H3

Government /Facility/Utility
Operations Centre (OC)
Monitor, Diagnose, Decide, Notify

Main
River
Channel

Notify
Monitor

ORG2
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Control, Evacuate, etc.
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EVAC1

EH1

EVAC2

SHEL2

IH2
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SHEL3
SHEL1

IH3

Y

IH1

Warn
X

Key
Person at Risk (PARU)

H4
Sensors and
Warning Siren

H
H3
A
Z

Bridge
Protective Action

Channel

IH1

IH2

IH3

EH1

IH

Internal Haven

EH

External Haven

Figure 63 - Map Representation of Protective Action Alternatives
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The following assumptions are made about the CPS and PAR systems. As the hazard travel
speeds are uncertain two arrival times will be used: Fast and Slow. This produces four hazard scenarios:
HAZ1 = H4 + Fast; HAZ2 = H4 + Slow; HAZ3 = H3 + Fast; HAZ4 = H3 + Slow. No macro-resolution
variations in vulnerability aspects are considered (e.g., daytime versus night-time). The analysis only
considers a single person.
The CPS comprises ORG1, ORG2, hazard sensors, a siren, communications to link the two
organizations, roads, a bridge, buildings and a tower. ORG1 can detect the progressing hazard and it can
notify ORG2 that an event is in progress. ORG2 can warn and mobilize the person to take protective
action. The person can choose from one of four target haven locations: IH1, IH2, IH3 and EH1. The first
three are internal havens. Haven IH1 is a purpose-built vertical evacuation site, haven IH2 is a building
and haven IH3 is high ground. All of these sites can be affected by the high intensity hazard. It is assumed
that when the person is warned the hazard magnitude is not known by ORG1 so the person cannot be told
whether the internal havens are within the impact zone. Only the external haven (EH1) is entirely out of
the impact zone for both hazard intensities.
The person can choose from three primary protective actions (i.e., do nothing, shelter in the
community or evacuate), two travel modes (i.e., on foot or in vehicle) and a number of different routes.
The decision tree in Figure 64 incorporates these options and provides nine protective action alternatives
that are labelled PA1 through PA9. In each case, the person begins at the origin 'O', chooses one of the
four target havens and then a route and travel mode. For havens located on the road network, the person
can choose to move as a pedestrian or in a vehicle. For haven IH3, the person can only use a vehicle for
part of the route and must complete the action by using a trail to climb the hill. During an actual event, the
person will select one of the actions, the hazard will arrive at some point in time, and the person may
encounter the hazard at the origin, on route, or at the target haven. A key assumption here is that the
person has no information about which action is more effective and has no preferences, biases or previous
experience; therefore, all nine alternatives will have the same chance of being selected.
The estimate of CPS performance and the influence of the person's decisions is based on the six
input variables in Equations (26) and (27), Section 4.3.3. Nominal times are assumed for the hazard
arrival time and for the travel times to each haven for each travel mode. Values for the intensities,
protection levels and strengths are also developed for the hazard, the routes, the havens and the person.
The resulting values are shown in Table 25. The first nine rows correspond to the nine scenarios in the
decision tree shown in Figure 64. Similar to the other examples, the time and intensity values are based in
part on the author's experience in developing this type of analysis for flood events. With four hazard
scenarios and nine protective action scenarios there are thirty-six possible composite scenarios defined by
the information provided in Table 25.
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Road, On foot
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Figure 64 - Decision Tree Representation of One Individual's Protective Action Alternatives
Table 25 - Point Estimates of Variables Used to Estimate CPS Performance
Protective Destination
Action ID
PA1
Origin
PA2
IH1
PA3
IH2
PA4
IH2
PA5
IH3
PA6
EH1
PA7
EH1
PA8
EH1
PA9
EH1

Hazard
ID
HAZ1
HAZ2
HAZ3
HAZ4

Hazard
Speed
Fast
Fast
Slow
Slow

Route
None
SHEL1
SHEL2
SHEL2
SHEL3
EVAC1
EVAC1
EVAC2
EVAC2

Hazard
Intensity
High (H4)
Low (H3)
High (H4)
Low (H3)

Travel
Travel Time
Strength (CPS_P )
Mode (CPS_T+PAR_T ) On Route At Haven
None
0.0
0
0.0
Foot
2.0
0
8.0
Vehicle
4.0
2
11.0
Foot
8.0
2
11.0
Foot
14.0
10
13.0
Vehicle
12.0
3
16.0
Foot
20.0
3
16.0
Vehicle
15.0
3
16.0
Foot
25.0
3
16.0
3.0
PARU Strength: (PAR_S )
Arrival Time
(HAZ_T )
5.0
5.0
16.0
16.0

Intensity
(HAZ_I )
18.0
18.0
8.0
8.0

The two limit state functions, Equations (26) and (27) from Section 4.3.3, are applied for each
composite scenario. The results of the calculations are presented in Figure 65 and Table 26. The thirty-six
loss/survival outcomes for the person are plotted in two forms. Figure 65a presents the outcomes as a
function of hazard scenario and Figure 65b plots the outcomes based upon the target safe haven. As
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would be expected Figure 65a shows that the outcomes for the majority of the slow arrival/low intensity
hazard scenario are in the top right survival quadrant, and the fast arrival/high intensity scenarios are
towards the bottom of the lower left loss quadrant. Figure 65b plots the outcomes based upon the target
safe haven. There are ten outcomes that appear in the bottom right quadrant. This is a major cause for
concern because the person reaches the haven in sufficient time but does not survive at the destination.
There is only one case where the person is caught while evacuating and still survives. This is the case
where the person evacuates immediately uphill to IH3. The external haven EH1 provides the best
protection surplus but it is not clear whether the person can reach EH1 in time. Sixteen of the composite
scenarios assess evacuation to this haven and the person only survives 25% of the time (4 out of 16
cases).
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Slow/Low
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15

5

5

GP

10

GP

10

0

0
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(b)

-25 -20 -15 -10 -5 0
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Figure 65 - Operational Life Safety Performance "On Route" or "At Destination": a) Outcomes
Symbolized by Hazard Scenario, b) Outcomes Symbolized by Target Safe Haven
The supporting calculations and performance estimates are provided in Table 26. Columns 1
through 6 identify the composite scenario, the hazard scenario, the protective action chosen by the person,
the target haven, the route taken and the travel mode. Columns 7-9 present the calculation of GT, and 1012 show calculations for GP. Columns 13 and 14 show the indicator function and the scenario outcome. If
each of the protective actions is equiprobable, then the estimated probability of survival and loss can be
calculated in a straightforward manner. The estimated probability of time sufficiency is 56% and of
protection sufficiency is 31%. Using the Single Leg Method (Table 19) the probability of survival is 31%.
The person survival rates for sheltering at havens IH1, IH2 and IH3 are 50%, 38% and 50% respectively.
The dominant factor appears to be a lack of sufficient protection rather than a lack of sufficient time.
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Table 26 - Calculations of CPS Performance On Route and At Haven Given an Individual's Choices
Scenario
ID

HAZ

Protective Target Route Travel
Action
Haven
Mode

[1]

[2]

[3]

[4]

[5]

[6]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

HAZ1
HAZ1
HAZ1
HAZ1
HAZ1
HAZ1
HAZ1
HAZ1
HAZ1
HAZ2
HAZ2
HAZ2
HAZ2
HAZ2
HAZ2
HAZ2
HAZ2
HAZ2
HAZ3
HAZ3
HAZ3
HAZ3
HAZ3
HAZ3
HAZ3
HAZ3
HAZ3
HAZ4
HAZ4
HAZ4
HAZ4
HAZ4
HAZ4
HAZ4
HAZ4
HAZ4

PA1
PA2
PA3
PA4
PA5
PA6
PA7
PA8
PA9
PA1
PA2
PA3
PA4
PA5
PA6
PA7
PA8
PA9
PA1
PA2
PA3
PA4
PA5
PA6
PA7
PA8
PA9
PA1
PA2
PA3
PA4
PA5
PA6
PA7
PA8
PA9

Origin
IH1
IH2
IH2
IH3
EH1
EH1
EH1
EH1
Origin
IH1
IH2
IH2
IH3
EH1
EH1
EH1
EH1
Origin
IH1
IH2
IH2
IH3
EH1
EH1
EH1
EH1
Origin
IH1
IH2
IH2
IH3
EH1
EH1
EH1
EH1

None
SHEL1
SHEL2
SHEL2
SHEL3
EVAC1
EVAC1
EVAC2
EVAC2
None
SHEL1
SHEL2
SHEL2
SHEL3
EVAC1
EVAC1
EVAC2
EVAC2
None
SHEL1
SHEL2
SHEL2
SHEL3
EVAC1
EVAC1
EVAC2
EVAC2
None
SHEL1
SHEL2
SHEL2
SHEL3
EVAC1
EVAC1
EVAC2
EVAC2

None
Foot
Vehicle
Foot
Foot
Vehicle
Foot
Vehicle
Foot
None
Foot
Vehicle
Foot
Foot
Vehicle
Foot
Vehicle
Foot
None
Foot
Vehicle
Foot
Foot
Vehicle
Foot
Vehicle
Foot
None
Foot
Vehicle
Foot
Foot
Vehicle
Foot
Vehicle
Foot

HAZ
Arrival
[7]

Time
CPS +
PAR
[8]

GT
[9]

HAZ
Intensity
[10]

Protection
CPS +
PAR
[11]

GP
[12]

uT

G T (u T )

uP

G P (u P )

5
0
5
2
5
4
5
8
5
14
5
12
5
20
5
15
5
25
5
0
5
2
5
4
5
8
5
14
5
12
5
20
5
15
5
25
16
0
16
2
16
4
16
8
16
14
16
12
16
20
16
15
16
25
16
0
16
2
16
4
16
8
16
14
16
12
16
20
16
15
16
25
# of Sufficient T:
# of Insufficient T:
Total:
Time
p(surplus, time)
p (shortfall, time)

5
3
1
-3
-9
-7
-15
-10
-20
5
3
1
-3
-9
-7
-15
-10
-20
16
14
12
8
2
4
-4
1
-9
16
14
12
8
2
4
-4
1
-9
20
16
36

18
3
18
11
18
14
18
14
18
16
18
19
18
19
18
19
18
19
8
3
8
11
8
14
8
14
8
16
8
19
8
19
8
19
8
19
18
3
18
11
18
14
18
14
18
16
18
19
18
19
18
19
18
19
8
3
8
11
8
14
8
14
8
16
8
19
8
19
8
19
8
19
# of Sufficient P:
# of Insufficient P:
Total:
Protection
p(surplus, prot)
p(shortfall, prot)

-15
-7
-4
-13
-5
-12
-12
-12
-12
-5
3
6
-3
5
-2
-2
-2
-2
-15
-7
-4
-4
-2
1
-12
1
-12
-5
3
6
6
8
11
-2
11
-2
11
25
36

56%
44%

31%
69%

Outcomes
Indicator Scenario
Function Outcome
[13]
[14]
0
0
0
0
0
0
0
0
0
0
1
1
0
1
0
0
0
0
0
0
0
0
0
1
0
1
0
0
1
1
1
1
1
0
1
0
# Survive:
# Loss:
Total:
Life Safety
p(survive)
p(loss)

Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Survive
Survive
Loss
Survive
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Loss
Survive
Loss
Survive
Loss
Loss
Survive
Survive
Survive
Survive
Survive
Loss
Survive
Loss
11
25
36
31%
69%

This example shows how the general formulation and equations in Chapter 4 can be applied at an
individual level. Table 25 provides the inputs that are used to develop the combinatorial sets of values that
are in turn substituted into the six variables in Equations (26) and (27) (Section 4.3.3). Columns 7 to 12 in
Table 26 show the calculations for each scenario combination. Columns 7 and 8 correspond to the timerelated part of vector u in Chapter 4 and Columns 10 and 11 correspond to the protection-related part of
vector u. Columns 9 and 12 are the GT and GP functions. Column 13 shows how the indicator function is
applied and Column 14 shows the outcome for each scenario. Only a few of the person's outcomes in the
Life Safety Performance Space in Figure 65 end up in the survival domain. This suggests that the person
has few effective options throughout most of the exposure zone and that full evacuation may be the
preferred option.
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This example demonstrates how even a simple set of scenarios can produce complex interactions,
operational insights and opportunities for optimization. The important influence of individual choices on
loss and survival outcomes is also shown. While the estimated input variables are single-valued in this
case, if distributions are available then probability-based methods such as the safety margin method or the
FOSM method could be used.
The assumption of each protective action being equiprobable is likely not correct. The person will
probably show a preference for specific havens and travel modes. But it is not fully understood how
people choose their target havens. Is the decision based on time, on protection, on both or on other
information? The selection process could be a function of the person's gender, health status, societal
factors, access to resources, risk perception and local knowledge (McAdoo et al. 2006; McAdoo et al.
2008; Mileti 1999; NRC 2006; Tierney et al. 2001; Wisner et al. 2004). Methods that use time-optimal
estimates based upon transportation theory could be employed (Ortuzar and Willumsen 2001). But given
that the evacuees will have little experience using possibly unfamiliar routes for protective action they
may have minimal prior knowledge and experience to inform their decision.
The problem of optimal route selection could be compounded when protection is added to the
process. Rather than using recommended egress routes the population may instead employ simple
heuristics to select target havens. The concepts of cognitive bias developed by Tversky and Kahneman
(1974) such as availability, representativeness, anchoring and adjustment may apply here. Availability
requires that a person recalls previous events as the basis for decision-making. They may recall many
lower-intensity events, conclude that the current event is not highly dangerous, underestimate the damage
potential, override the action recommended by authorities and choose to shelter in a nearby haven instead.
Anchoring and adjustment may affect estimates of the time required to complete a protective action. A
person might anchor their transit time estimate to times that are based upon typical speed limits and not
make sufficient allowances for road congestion. It may therefore be useful to interview a sampling
population within a community at risk to identify stated preferences for routes and travel modes and their
perceptions of safe haven locations. The problem of characterizing possible human behaviours during a
disaster event is a linchpin issue for the proposed methodology. The approach assumes that it is possible
to capture the essential properties of a population within a mathematical formulation that expresses their
most likely behaviours during an actual disaster event. Even if the input values that express human
responses must be developed using very broad assumptions there can still be value in going through the
exercise of using these values in combination with the models of the HAZ and CPS systems. Even with
these challenges, it is clear that the time and protection measures can provide a useful basis for
determining which pathways, travel modes and target safe havens might be most effective in providing
both sufficient time and protection.
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5.9

Development of Life Safety State Space Plots
Section 4.3.6 formulates the Life Safety State Space. This can be used to visualize various

combinations of the system state variables NLOL(t) and NOK(t), the system phase variables dNLOL(t)/dt and
dNLOL(t)/dt, and time. Lindell and Prater (2007) review evacuation departure time models and describe the
response curve as having a sigmoid shape. Woo (1999; 2011) describes time-dependent models of event
mortality that similarly produce a sigmoid shape. Logistic curves will be used here for convenience. Two
logistic equations that describe the time-dependent outcome curves for NLOL and NOK are assumed here:
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 H 2t ¸
© 1  H1  e ¹
§
·
1
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©
¹

(61)

where NPARU(0) is the total population at risk at time t = 0, and H1, H2, H3, H4 are coefficients used to
determine the shape of the logistic curves that model the outcomes. The following assumptions are made
for this example: NPARU (0) = 100, the trans-impact phase spans ten time units (this could be minutes,
hours, days), and two loss/survival outcomes are known: Outcome 1 = [NLOL(10), NOK(10)] = [20,80], and
Outcome 2 = [NLOL(10), NOK(10)] = [60,40]. Five examples of time-dependent changes in NLOL and NOK
for Outcome 1 and Outcome 2 are developed. Table 27 provides the input parameters. Scenarios A1 to A5
and B1 to B5 define the logistic functions for the two loss of life time functions, and Scenarios C1 to C5
and D1 to D5 define the logistic functions for survival. Equation (61) is used to calculate the proportion
of the population at twenty-one time steps from t = 0 to t = 10 in increments of 0.5, and the calculation is
implemented such that NLOL(0) = NOK(0) = 0 and NLOL(10) + NOK(10) = 100. These values are hypothetical
and are not calibrated to a specific real-world event.
Table 27 - Input Parameters for Scenarios A1 to D5
Loss
Scenario F LOL
A1
20%
A2
20%
A3
20%
A4
20%
A5
20%
B1
60%
B2
60%
B3
60%
B4
60%
B5
60%

H1
80
80
80
80
80
80
80
80
80
80

H2
0.80
0.90
1.00
1.10
1.20
0.80
0.90
1.00
1.10
1.20

Survival
Scenario F OK H 3
C1
80% 20
C2
80% 20
C3
80% 20
C4
80% 20
C5
80% 20
D1
40% 20
D2
40% 20
D3
40% 20
D4
40% 20
D5
40% 20

Composite
H4
0.80
1.20
1.80
2.70
5.00
0.80
1.20
1.80
2.70
5.00

AC1
AC2
AC3
AC4
AC5
BD1
BD2
BD3
BD4
BD5
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The resulting PAR system behaviour curves for NLOL(t) and dNLOL(t)/dt are presented in Figure
66a and b. The resulting PAR system behaviour curves for NOK(t) and dNOK(t)/dt are presented in Figure
66a and b. Part 'a' of each figure shows the primary state variable as a function of time and part 'b' shows
the time derivative of the state variable. The family of curves for Outcome 1 are shown as solid lines and
for Outcome 2 as dashed lines. Labels which identify each scenario are also provided.
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Figure 66 - State-Time Plots: a) Time-Dependent Change in Loss of Life for System Behaviours A1 to
B5, b) Time-Dependent Change in First Derivative of Loss of Life for System Behaviours A1 to B5
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Figure 67 - State-Time Plots: a) Time-Dependent Change in Survival for System Behaviours C1 to D5, b)
Time-Dependent Change in First Derivative of Survival for System Behaviours C1 to D5
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Figure 68 shows the Life Safety State-Space plot of the PAR system behaviours that lead to
Outcomes 1 and 2. The CPS performance target is the top-left point [NLOL(10), NOK(10)] = [0, 100] and
the Life Safety Outcomes Line is NLOL + NOK = 100. The Outcomes Line is the set of all possible PAR
System end states.
Families of PAR system behaviour curves are developed by plotting behaviour lines AC1 to AC5
for Outcome 1, and behaviour lines BD1 to BD5 for Outcome 2. All trajectories start at NLOL(0) = NOK(0)
= 0 and they finish either at [NLOL(10), NOK(10)] = [20,80] or [NLOL(10), NOK(10)] = [60,40]. An interesting
features of the plot is the general shape of the trajectories. Both families of curves show that survival
outcomes first rise quickly towards the performance target before veering towards losses in the final
stages of the event. This pattern is preferred to the opposite situation in which most of the losses occur
early in an event and survival only occurs towards the end.
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Figure 68 - Life Safety State-Space Plots for PAR System Behaviour Lines AC1-BD5
The graphical products are developed to explore the value of displaying PAR system outcomes in
a state-space. These curves could be a useful product for emergency planning because they show the
possible timing of loss and survival outcomes. However, the logistic function was used only as a
modelling convenience. There is a need to develop detailed forensic datasets that describe the actual timedependent loss and survival outcomes for historic ROHI emergencies and disasters.
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5.10 Assessment of CPS Alternatives Using MACES and Systems Architecture Concepts
This discussion shows how the MACES and systems architecture concepts can be used to
estimate the performance of a CPS for a technological hazard. Figure 69 takes its general layout from
Equation (9) in Section 3.4. The hazard system is at top left, the CPS is in the middle and the PAR system
is at bottom right. Here the MACES functions have been substituted into the CPS section. Flows of
energy, materials and information between the three systems are shown. The HAZ impacts move down
and to the right to affect the CPS and PAR systems. The flows from the CPS move up and to the left to
engage the hazard and down and to the right to protect the PAR system. Flows from the PAR system to
the CPS might include requests for protection. The flows of HAZ energy or materials can affect any of
the MACES subsystems which may in turn compromise the protective services. But the CPS may also be
able to use its Abate or Control functions to stop the hazard's progression or to reduce its impacts.
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Figure 69 - Systems Simulation Framework Combined with the MACES Concept
The next part of the discussion considers how events and activities might progress during an
actual event. Figure 70 presents EAS diagrams for the HAZ, CPS and PAR systems. The HAZ EAS
diagram shows the initiating technological hazard event, three hazard activities and one pivotal event. HI
is the initiating event, HA1 is the formation process, HE1 is the actual failure event, HA2 is a highintensity hazard and HA3 is a low intensity hazard. The CPS control function 'C' can fully control the low
intensity hazard. The CPS EAS diagram only considers the MCES functions. The A (abate) function is
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not feasible in this case. Two community protection options are being considered by the stakeholders:
MES and MCES. There are three MES chains that lead to three possible end states. CPS Chain 1 models
the success of functions M and E/S. End States 2 and 3 correspond to the failure of the E/S functions and
the failure of the M function respectively. The second subset considers the MCES option. It shows six
protection chains. Only Chain 4 shows the successful operation of all four functions. Chain 8 shows the
successful operation of the control function on its own. The community response EAS diagram at the
bottom assumes that the population always mobilizes and that they can move either fast or slow to their
designated havens. This will also influence the final set of loss/survival outcomes. A total of thirty-six
combinations of hazard, protection and response chains must be modelled (i.e., HAZ x CPS x PAR = 2 x
9 x 2 = 36).
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The last part of the discussion shows how the thirty-six combinations of hazard, protection and
response chains can be modelled using the Life Safety Performance equations. Random variables for each
of the MACES functions can be substituted into Equation (26) (Section 4.3.3):

GT

HAZ _ T  >CPS _ T  PAR _ T @
= HAZ _ T  ª¬ TS M  TS A  TSC  TS E TS S  PAR _ T º¼
= > HAZ _ T  TS A  TS C @  >TS M  TS E TS S  PAR _ T @

(62)

where TSM is the time span for Monitor (e.g., monitoring, detection, diagnosis and warning,), TSA is for
Hazard Abatement, TSC is for Hazard Control, TSE is for Population Evacuation and TSS is for Population
Sheltering. The TSA and TSC terms are the hazard-focused CPS services and the TSE and TSS terms are the
vulnerability-focused services. Because any one individual can either evacuate or shelter but not both, the
symbol is used to denote an "exclusive or" Boolean operator. The TSA and TSC terms are introduced
using minus signs because once they are grouped with the hazard term, larger values for TSA and TSC will
reflect a delay the hazard's arrival in the community. This in turn gives each person more time to take
protective action. The time required for the TSM activity will always reduce the time available for
protective action. But if this service was not included then the ACES services would never be activated.
A similar process introduces the MACES terms into Equation (27) (Section 4.3.3):

GP

> PAR _ S  CPS _ P @  HAZ _ I
> PAR _ S  CPS _ PACES @  HAZ _ I
> PAR _ S  CPS _ PA  CPS _ PC  CPS _ PE CPS _ PS @  HAZ _ I
> PAR _ S  CPS _ PE CPS _ PS @  > HAZ _ I  CPS _ PA  CPS _ PC @

(63)

There is no 'M' function for protection. All of the ACES protection terms (i.e., CPS_PA, CPS_PC, CPS_PE
and CPS_PS) are substituted with positive signs because they can individually provide a level of
protection to each person. The CPS_PA and CPS_PC terms may engage the hazard at its source or in the
community. This reduces the hazard's intensity at the person's location. In the case of an extreme flood for
example, protection could be offered using a dam and temporary dikes. The dam could impound the
floodwaters or reduce flows in order to reduce the hazard intensity at the community, and the temporary
dikes could engage the flood hazard within the community. Similar to TSE and TSS, the CPS_PE and
CPS_PS terms are mutually exclusive with only one or the other applying to each person.
Now that Equations (26) and (27) have been extended to consider the MACES functions the Life
Safety Performance for the thirty-six combinations of scenarios chains developed above can be modelled,
summarized and communicated to the stakeholders. They can then incorporate this information into the
decision process that determines whether to fund the MES or MCES alternatives shown in Figure 70.
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5.11 Time-Dependent Decision-Making Using the Life Safety Measures
In the problem definition at the beginning of this chapter, an operational manager is shown for
each of ORG1 and ORG2 in Figure 50. One of the most challenging decisions these managers can face is
whether to issue an order to evacuate a community because a progressing ROHI hazard event has been
detected for a technological facility. As discussed in Section 2.6.2, the complexity of this decision can be
compounded for cases in which the hazard has not yet been triggered, it is uncertain whether the hazard
event will actually occur and the costs of an unnecessary evacuation are very high. By waiting a period of
time before deciding whether to issue the order, ORG1 can use the time to gather more information about
whether or not the hazard will continue to develop and trigger. While real-world situations can involve
multiple stakeholder organizations and the decision to evacuate will generally fall to the community
leaders, it is assumed here that only the two managers in the figure can decide whether to issue the
evacuation order.
The Literature Review discussed a multi-period decision tree method that can be used to support
this decision-making process. It considers the economic costs of evacuation and the possible life safety
consequences as a function of the variable LT which is the Lead Time before the possible failure event.
Figure 71 presents a conceptual diagram of how this method could be used here. The figure shows LT as
the horizontal axis in hours from right to left. The available lead time before the hazard is expected to
trigger is eight hours. Decisions can only be made at two-hour intervals so the managers have four
opportunities to issue the order. Two time-dependent measures are shown in the figure: the evacuation
costs and the estimated Life Safety Measures. Both are functions of LT. The evacuation cost is assumed to
decline as time progresses because it reduces economic and production losses.
Event mortality is estimated to increase as LT progresses towards zero. The supporting diagram
for the Life Safety estimates is shown in Figure 72. This re-uses the layout of Figure 44 from Section
4.3.6 to show the time-dependent reliability of the CPS. Five performance estimates are shown in the Life
Safety Performance Space for LT = 8, 6, 4, 2 and 0 hours before the hazard triggers, progressing from
right to left.
Returning to Figure 71, the flow of information to the decision-makers is shown along the top. At
each meeting, the estimates of evacuation costs and the Life Safety Performance of the CPS are presented
and used to decide whether to issue the evacuation order. If the decision is "wait" then a subsequent
decision with updated information can be made two hours later. Once time reaches the last possible
decision point then the evacuation either is or is not declared and the hazard event either does or does not
trigger two hours later. While this may appear to be a relatively straightforward process, Sections 5.1
through 5.9 have shown the possible complexity and uncertainties that underlay these calculations.
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5.12 Summary and Discussion
Chapter 5 updates the Problem Definition introduced in Chapter 4 and then develops a set of
extended formulations and examples. Section 5.1 shows how life safety can be estimated using the Safety
Margin Method. Section 5.2 demonstrates how the Life Safety can be estimated for a Single-Leg Journey
using Monte Carlo Simulation (MCS). It also shows how the results can be visualized in the Life Safety
Performance Space. The interrelationships between time and intensity/protection properties of the hazard
and CPS are also shown. Section 5.3 introduces safeline and isochrone maps to determine the scope and
scale of the possible hazard exposures. A map representation of the zones of maximum hazard intensities
and an isochrone map that shows the time-dependent progression of a specified hazard intensity MaxF
through the community can be combined to develop a third composite map that shows subzones that can
be visualized using the Life Safety Performance Space. This would be an important analytical tool for
emergency planners.
Sections 5.4, 5.5 and 5.6 show how the variables HAZ_I and CPS_P can be treated as static or
time-dependent functions of the community layout and of the movements of the population. Various
functions for CPS_P(x) and HAZ_I(x) are developed and families of GP(x) performance curves are
produced. Composite functional curves can also be developed and the approach can be extended to
consider full two-dimensional representations of a community.
Section 5.7 extends the formulation so that the loss or survival of each person is a function not
only of the direct interactions between each person and the hazard but also as a function of the loss of a
CPS assets such as buildings, vehicles and other CI assets which in turn can cause the loss of the person.
Section 5.8 explores how individual decisions can influence loss and survival outcomes. A range of
protective actions available to the person are modelled and a set of loss and survival outcomes are
estimated. Section 5.9 shows how Life Safety State Space diagrams can be developed. While logistic
curves are used to develop these plots, other functional forms could also be considered. These plots could
be valuable for emergency planners because they show the possible timing of loss and survival outcomes
during the trans-impact phase.
Section 5.10 shows how CPS alternatives can be modelled and assessed using the MACES
concept. The process follows three steps: application of the Systems Modelling Framework, modelling
proposed CPS using EAS diagrams in order to identify the hazard, protection and response scenarios
chains to be modelled and extending the limit state functions so that the MACES functions can be
modelled and assessed. Section 5.11 considers the sensitivity of CPS effectiveness to operational
decisions that can be made at a management level during an event in the trans-impact phase. An example
is developed to show how time-dependent Life Safety Performance estimates can be used to inform
decision-makers.
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6

Application of CPS and Life Safety Concepts to Tsunami Preparedness
This chapter applies the Life Safety Measures and Systems Modelling Framework concepts to the

problem of tsunami emergency preparedness. A profile of tsunami hazards is provided in Appendix A.1.
Two aspects are explored here: the application of the systems modelling and life safety concepts to the
general tsunami problem and the use of the Life Safety Measures to assess the life safety of tsunami
emergency response plans. The detailed assessment is performed for Vancouver Island communities that
face a Cascadia Subduction Zone (CSZ) tsunami hazard.

6.1

Systems Analysis of the General Problem Using CPS and Life Safety Concepts
This section explores how the MAPP/MACES concepts and systems modelling concepts can be

applied to the analysis of tsunami preparedness. The general set of system-level functions that can be
offered by a CPS was developed in Section 3.2. The specific applications of these functions to tsunami for
the pre-impact phase are shown in Table 28 and Figure 73. Each of the Mitigate, Adapt and Prepare
functions are defined in the table. The Prevent function does not apply because earthquakes and tsunami
cannot be prevented.
Table 28 - Examples of Pre-Impact MAPP Functions Provided by a CPS for Tsunami
CPS Functions

Description

M Mitigate

This function lessens or limits the negative impacts of tsunami. Non-structural
mitigations include: legislation, codes, and guidelines for building construction,
vegetation management, warning systems, vertical evacuation sites and EAPs.
Structural mitigations include: seawalls, berms, breakwaters, water gates, inland
locks, river embankments, control forests and breakwater buildings (Murata et al.
2010). Hardening against seismic damage may also be beneficial.

A Adapt

This function makes adjustments to the community in response to climatic changes
or their effects, or due to a realization that a possible tsunami hazard could be more
extreme than first expected. A rise in sea-level could increase the extent of inland
inundation and degree of damage near the shoreline. Community adaptations
include: legislation, changes to land use plans and zoning regulations, relocation
and redevelopment.

P

Prevent

It is not possible to prevent an earthquake or tsunami. For near-shore events,
seismically-induced ground shaking, ground failures and landslides are also a
concern.

P

Prepare

This function helps the government agencies and the communities to prepare. This
includes: geophysical and plate tectonics research; hazard and vulnerability
mapping; community needs assessment; vulnerability, exposure and loss
estimation; preparedness assessment; shelter and evacuation planning; establishing
warning and evacuation systems; siren installation; and development of training
materials, media materials, public service announcements, tourist information,
school information, evacuation maps, evacuation brochures, web pages and posttsunami recovery guides; and tsunami workshops.
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Figure 73 shows the primary objects of interest: the hazard source, waterbody, monitoring and
protective systems, community and egress routes to nearby high ground. The CPS can establish sensors
such as tsunami buoys, seismographs and tide gauges to monitor for initiating events and to track the
progress of a tsunami across a waterbody in the trans-impact phase. The field sensors provide a
continuous data stream to central agencies that in turn provide monitoring and notification services (see
Figure 50, beginning of Section 5). Examples of community structural mitigations, non-structural
mitigations and preparations are listed in Table 28. Recent large tsunami such as the Great SumatraAndaman and Great Tohoku tsunami have shown that structural mitigations for communities close to a
source zone may have limited value for the more extreme events. This places greater expectations on the
effectiveness of evacuations to external havens and sheltering within vertical evacuation sites. It may also
be of greater value to implement mitigations for seismic damage so that CI systems can support warning
and evacuation in the trans-impact phase. For tsunami impacts that cannot be addressed by mitigation or
preparation, community adaptations such as the relocation of important community assets will be
required.
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Figure 73 - CPS Concept: MAPP Services for Tsunami (Pre-Impact Phase)
All of the work in the pre-impact phase establishes CPS functions that can operate in the transimpact phase. The general set of functions developed in Section 3.2 is interpreted for tsunami in Table 29.
A schematic of the MACES functions is provided in Figure 74. The CPS Monitor function develops a
continuous stream of information from the seismic, tsunami and ocean level sensors. If signs of an event
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are produced then the Diagnose/Decide function confirms that a tsunami has been triggered and the
decision is made to notify communities that may be affected. The Estimate function supports the decision
process by estimating propagation directions and impact extents. A continuous process to monitor the
tsunami and compare these data with the estimation models is followed until the all clear is declared. In
parallel, the community EOC manages CPS activities within the hazard impact zone. This includes
activation of warning sirens, mobilization of transport services to move the PAR and management of
protective actions. Local structural mitigations such as tsunami gates can be closed to provide additional
protection. Figure 74 also shows the concept of the causal chains introduced in Section 3.4 (Figure 26).
The hazard chain shows the sequence of events that could lead to mortality during a tsunami event. The
protection and response chains explicitly show what must go right during an event in order to preserve
life. This provides a basis for transforming the qualitative description of the MACES services presented
here into quantitative models that estimate Life Safety Performance.
Table 29 - Examples of Trans-Impact MACES Functions Provided by a CPS for Tsunami
CPS Functions

M

Description

Monitor

Monitor for signs of a seismic event using seismographs, Deep Ocean Assessment
and Recording of Tsunami (DART) buoys (Bernard et al. 2006) and tide gauges.
Monitor the progression of the tsunami using DART buoys, tide gauges.

Diagnose

Analyse the stream of data to identify whether a tsunami-genic event has occurred.
Confirm that a tsunami has been triggered. Estimate the magnitude of the source
event and whether it was indeed tsunami-genic.

Decide

Decide whether to issue a Warning, Watch, Information, Cancellation or All Clear
notice (PEP-BC 2001).

Estimate

Estimate the propagation direction, impact extent, approach speed, arrival times
and onshore intensities.

Notify

The lead agencies notify the communities at risk and the PAR via a network of
notification chains (see tsunami example in Appendix B).

Warn

The community EOCs activate their EAPs, mobilize their first responders and
warns the PAR so that they can begin taking protective action.

A Abate

Except for highly localized hazard sources such as landslides, it is not possible to
abate a tsunami.

C Control

This function attempts to keep the tsunami wave from entering the community to
cause damage. This may require the closure of tsunami gates and movable barriers.

E

Evacuate

The PAR uses CPS CI/SI functions such as communications, social media and
transport services to move to external havens.

S

Shelter

The PAR uses CPS CI/SI functions such as communications, social media and
transport services to move to internal havens.
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Figure 74 - CPS Concept: MACES Services for Tsunami (Trans-Impact Phase)
An example that shows how these general systems concepts can be transformed into a
quantitative approach for estimating life safety is developed by considering the Great Tohoku Earthquake,
Tsunami and Nuclear Accident (MCEER 2011a). Figure 75 shows the HAZ systems at top left (in
burgundy), the CPS in the middle (in blue) and the PAR system at bottom right (in green). The primary
systems are: three hazard systems, EQ = Earthquake, TSU = Tsunami and NUC = Nuclear accident; five
CPS systems, M = Monitor, DD = Diagnose and Decide, C = Control, NW = Notify and Warn, and E =
Evacuate; and four PAR systems, Fukushima, Miyagi, Iwate and Aomori Prefectures. The flows of
energy, materials, information and control within and between these systems are shown via the
connecting lines. An important CPS system is DD, which acts as the controller of the other CPS systems.
The cascade of hazards is shown within the HAZ box and the feed-forward progression of hazard energy,
materials and information to the CPS and PAR systems is shown. Two feedbacks from the CPS to the
HAZ systems are indicated: the use of tsunami walls and dikes by the C system and an attempt by the DD
system to avoid nuclear reactor core meltdowns by mobilizing crews and other resources to restore power
and support onsite crews at Fukushima. The other important set of feed-forward and feedback interactions
is between the CPS and PAR systems. The CPS notifies and warns the PAR and helps them to evacuate to
external safe havens. The PAR uses the services provided by the CPS. The general hazard chains,
protection chains and response chains are also shown and the associated Life Safety Performance
variables (i.e., HAZ_I, HAZ_T, CPS_P, CPS_T, PAR_S and PAR_T) would be extracted from this model.
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The systems-level analysis presented in Figure 75 can be converted into systems state matrices as
shown in the general matrix layout in Figure 76. These describe the general form of the state matrices SA,
SB, SC, SD, SO and SE (see Equation (9) in Section 3.4). The state matrices can be used in the system
state differential, observation and output equations (see Equation (1) in Section 2.5.5).
The key cells in the matrix are colour-coded using the same colour scheme used in Figure 75. The
three hazard systems and their interactions are shown in the HAZ submatrix. The feed-forward effects of
the HAZ systems on the CPS and PAR systems are shown in the HAZtoCPS and HAZtoPAR submatrices,
respectively. Three of the cells, EQtoM, TSUtoM and NUCtoM, describe the movement of information
about the hazard systems to the CPS. The remaining cells reflect the transfer of energy and materials. The
influence of the CPS on the HAZ systems is shown using the CPStoHAZ submatrix. The demands made
by the PAR systems on the CPS systems are shown in the PARtoCPS submatrix. The feedback of PAR
systems response to the CPS can be modelled using PARtoM. The only submatrix with all zero
coefficients is PARtoHAZ because the PAR systems cannot directly influence the HAZ systems.
The only CPS system that attempts to observe all of the other systems is system M. This is
achieved via the cells in the same row as M. If any cell in this row has a zero coefficient, then that system
is unobservable by the CPS. In this case, the PAR systems are unobservable. System DD is used to model
the control functions of the CPS. This is achieved directly via the column cells above DD and indirectly
in this case via the column cells below DD that control C, NW and E. If there are any zero cells above or
below the CPS submatrix, then that system cannot be controlled by the CPS. In this case, all of the PAR
systems are controllable via the NW system and two of the HAZ systems can be controlled to some extent
using the C and DD systems. Since the earthquake cannot be controlled, all of the cells to the right of the
EQ system in the CPS and PAR matrices are zero.
When the CPS cannot observe a system's behaviour this creates an open loop situation in which
the performance of the feed-forward and feedback protection processes cannot be observed by system M.
For example, if the PAR does not mobilize and evacuate quickly enough and if this inaction cannot be
observed then the CPS cannot identify and remedy this situation. Since the M system cannot observe the
PAR systems the control function cannot modify its NW and E services as the tsunami approaches.
Even at this systems-level analysis, this diagram suggests that if stakeholders in Japan had wanted
to fully model the potential impacts of a ROHI tsunami before March 11, 2011, then it would have been
necessary to integrate many models that work at multiple levels of system, spatial and temporal detail.
This includes the initial earthquake, tsunami wave propagation, impacts on the nuclear plant, onshore
wave modelling, tsunami-dike interactions, response of structures to the hydrodynamic demands, debris
generation, operation of the warning systems, and community warning, mobilization and evacuation. This
would be a significant challenge for the systems analysts.
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The last discussion in this section considers the relationship between the systems models and the
spatial detail used in these models. Figure 77 presents an integrated view in which four types of model
must be combined in order to estimate life safety. The first model type is the tsunami hazard source
model, which describes the physical process of earthquake uplift which affects the water column above it.
This creates the initial wave. The second type is the tsunami wave propagation and inundation model,
which simulates the propagation of the tsunami across the waterbody and onshore into the community.
This provides a basis for identifying exposure zones and estimating hazard intensities. The third model
type describes the community, its topography, infrastructure and population. This provides a means for
identifying vulnerable objects within the exposure zone. The fourth model combines the static and
dynamic outputs from the onshore hazard model and the community vulnerability model in order to
estimate the behaviours and interactions of the HAZ, CPS and PAR systems. This provides a basis for
assessing the value of proposed mitigation, adaptation and preparation activities.
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Figure 77 - Integrated View of Source, Propagation-Inundation, Vulnerability and Consequences Models
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The extents and resolutions for all four model types are shown in the figure. The tsunami hazard
source model can describe the degree of uplift using a grid model derived from contours. The geographic
extent can be more than one thousand kilometres for large subduction zone events and the model
resolution can range from ten's of kilometres down to one hundred metre spacings. The distance from the
hazard source to the community (OHAZ-COM) can be many thousands of kilometres for a far shore event and
only a few hundred kilometres for a near shore event. Given the properties of a propagating tsunami it is
useful to model the phenomenon simultaneously at multiple resolutions for different regions of the same
propagation domain. In areas where the tsunami wavelengths are very long, the model may have grid
spacings on the order of one's of kilometres down to two hundred and fifty metres. For areas where the
water is shallower and the tsunami wave slows down and increases in height, the model resolution can be
on the order of one kilometre to fifty metres close the shoreline, and twenty-five metres to ten metres
within the community itself. The onshore impact zone can extend many kilometres inland.
The spatial representation of the communities at risk can be defined at macro-, meso- or microresolutions. These can correspond to oceanic, national and regional and community extents (e.g., a single
city, town or village). Cities and towns at the macro-resolution might be represented as dots, or using a
regular grid topographic model with spacings of two hundred and fifty metres to one hundred metres.
However, at this very coarse scale it might only be possible to develop notional extents of the maximum
run-ups and to develop very uncertain estimates of size of the PAR. In addition, it might only be possible
to assess proposed mitigations and responses in a very limited way.
At the meso-resolution, much more detail about the communities, evacuation zones and major
transport routes can be shown. The example for City A1 shows the concept of using vulnerability data to
assess the proportion of the community that is vulnerable, and Town B1 shows the concept of identifying
evacuation zones that can be used to develop first-order estimates of egress times. However, developing
credible loss and survival estimates can still be problematic because the onshore models are still very
coarse. At the micro-resolution, specific objects such as structures, roads, bridges, the population and the
locations of loss outcomes can be shown. These details can be used by planners to identify candidate
internal havens, external havens and evacuation routes. This resolution provides the site-specific detail
necessary for assessing the value of proposed mitigation, adaptation and preparation activities.
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6.2

Overview of Tsunami Life Safety Analyses for Ucluelet and Tofino, BC
This section provides an overview of work to develop life safety estimates for response to a

Cascadia Subduction Zone (CSZ) tsunami by communities on Vancouver Island. The West Coast of
North America is susceptible to tsunami attack from a number of sources including the Alaska-Aleutian,
Kamchatka, Kuril and Southern Chile Earthquake Subduction Zones (USGS 2006); however, the most
extreme danger is posed by the CSZ which can generate great (magnitude M8.0 or greater) earthquakes
(Atwater et al. 2005; Clague et al. 2003). The CSZ lies at the interface between the North American and
the oceanic Juan de Fuca and Gorda Plates, and extends more than 1,000 km from the Mendocino Fault
off Northern California to Northern Vancouver Island, British Columbia, Canada (Figure 78a). The
probability of occurrence for the next CSZ event is estimated to be 10% in the next 50 years with a
possible magnitude of M9.0 (Petersen et al. 2002). This earthquake would be followed by a train of
onshore waves that would affect the outer coastline within 30 to 60 minutes (Atwater et al. 2005; Walsh
et al. 2000). The rapid arrival of the first wave would give little opportunity for agencies to issue warnings
to the population at risk; therefore, developing response plans and educating the public to encourage
people to take protective action immediately without notification from the authorities will be important
factors in protecting life. This reduces the CPS performance estimation problem to three aspects:
estimating the tsunami hazard, estimating potential mortality with no mitigations in place and estimating
the potential reduction in mortality using evacuations to internal havens.
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Figure 78 - Geographic Setting: a) Cascadia Subduction Zone, b) Local Extent of Study Area: Tofino,
Pacific Rim National Park and Ucluelet (National Geographic 2012)
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After the December 2004 Indian Ocean tsunami, the Government of Canada and the Provincial
Emergency Program of British Columbia (PEP-BC) initiated the Tsunami Integrated Preparedness Project
to help communities develop enhanced response plans, install and upgrade communication and warning
systems, post evacuation signage and support public education programs (Kryzanowski 2006). UBC and
PEP-BC initiated a pilot study with the UBC and District of Ucluelet to develop site-specific maps of the
inundation hazard and objects at risk, to assess and improve preparedness and evacuation plans and to
communicate the results to the community. This work was followed by a second study to model onshore
run-ups of the same CSZ event for Tofino, BC. Figure 78a shows the locations of these two communities
on Vancouver Island and Figure 78b presents a more detailed map that shows the extent of the local study
area. The Long Beach Unit of Pacific Rim National Park is located between the communities.
Ucluelet's permanent resident population is 1,652 people, and the town serves approximately
3,000 additional residents in the surrounding region (District of Ucluelet 2005). The town is sited on the
southern portion of the Ucluth Peninsula along the central spine and eastwards to the edge of an inlet and
harbour basin. Tofino is located 30 km north of Ucluelet. Its permanent resident population is 1,655
people (BC Stats 2007). It is located on the Esowista Peninsula with its harbour located at the northern tip
of the peninsula. Tofino Harbour is accessed most directly via two narrow passages and Ucluelet Harbour
is accessed via an inlet that is sheltered from direct tsunami waves. Both communities have a small
Central Business District located beside the harbour. Most of their government, commercial and retail
services are located along the harbour edge and up the hill. An important difference between the
communities is Tofino's sequence of long crescent-shaped beaches in the mid-range portion of the
Peninsula that face the Pacific Ocean. A number of single-family dwellings and resorts are located along
this stretch of coastline. Much of this narrow and low-lying portion of the Peninsula is between five and
ten metres above mean sea level. By comparison, much of Ucluelet sits along the spine of a basaltic
peninsula that is more than twenty-five metres above sea level in many places. Ucluelet and Tofino both
experience large increases in their populations during the tourist season from mid-March to mid-October.
Table 30 describes the three types of analyses developed here: benchmark, mitigation and life
safety analysis. The columns in the table provide the following information: the scope of the analysis, the
communities that were studied, social time, protective actions and the analytic and simulation models that
were used. The bulk of the analysis considers tsunami emergency preparedness for Ucluelet and the last
example considers both Ucluelet and Tofino. Social time is described using two attributes: Time of Year
(i.e., Summer, Winter) and Time of Day (i.e., Day, Night). Protective actions are also described using two
attributes: target safe havens (i.e., single central haven, multiple havens) and evacuation travel mode (i.e.,
pedestrian, vehicle). The modelling columns describe the models and model resolutions. A number of
models were used: tsunami models, vulnerability, exposure and loss models and evacuation models. The
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tsunami model is developed using TsunamiCLAW (Berger et al. 2011; George 2006; George and
LeVeque 2006), which is a wave propagation simulation model. Vulnerability, exposure and loss
modelling were performed using a combination of GIS and spreadsheet-based analytical models.
Evacuation modelling is performed using either the Life Safety Model (LSM) or an analytic model. These
are described in Appendix D.1.
Table 30 - Summary of Benchmark, Mitigation and Life Safety Performance Analyses and Simulations
Community

Scope of Life Safety Analysis
& Section in Thesis
1. Benchmark: (Section 6.4)
What are the possible life
safety consequences for
Ucluelet?

Ucluelet
""
""
""

2. Mitigation: (Section 6.5)
Which protective action is the
most effective for Ucluelet?

Social Time Protective Actions
Time of Time of Safe
Travel
Year
Day Havens Mode

Summer Day
""
Night
Winter
Day
""
Night

Ucluelet Summer
""
""
""
""
""
""
3. Life Safety Measures: (Sections 6.6 to 6.8)
a. What is the life safety of
Ucluelet Summer
Ucluelet's single haven plan?
""
""
b. How do the single and multihaven plans compare?
""
""
c. What is the evacuability and Ucluelet Summer
shelterability of Ucluelet and
Tofino
""
T ofino?

-

-

Tsunami
Hazard
Model

Modelling Considerations
Vulnerability, Evacuation
Model
Exposure
Models Resolution
and Loss
Models

T sunamiCLAW GIS/Analytic
""
""
""
""
""
""

-

Micro
""
""
""

Day
""
""
""

Single Pedestrian T sunamiCLAW GIS/Analytic
""
Vehicle
""
""
Multi Pedestrian
""
""
""
Vehicle
""
""

LSM
""
""
""

Micro
""
""
""

Day

Single Pedestrian T sunamiCLAW GIS/Analytic

LSM

Micro

""
""
Day
""

Single
Multi
Single
""

LSM
""
Analytic
""

Meso
""
Macro
""

"
"
"
"

"
"
"
"

T sunamiCLAW GIS/Analytic
""
""
T sunamiCLAW GIS/Analytic
""
""

The Benchmark Analysis develops vulnerability, exposure and loss estimates for Ucluelet. Four
combinations of Time of Year and Time of Day are considered. This determines the size and location of
the vulnerable population. These estimates assume that no community protective action is taken and are
developed at the micro-resolution.
The Mitigation Analysis estimates the effectiveness of the community evacuation plans
developed by Ucluelet's Emergency Planner. Two aspects of the protective actions are considered:
evacuation to a single central haven or to a set of multiple havens distributed throughout the community
and evacuation on foot or in a vehicle. The effectiveness of the response plans are assessed by comparing
the arrival times for the PAR at their designated safe havens.
The third part of Table 30 lists three life safety analyses. The first is a micro-resolution analysis
of community evacuation on foot to a single central safe haven. This is the most detailed life safety
analysis developed in the dissertation. Various combinations of hazard intensities, hazard arrival times
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and community response times are considered. The movements of the population from their starting
locations such as buildings and outdoor areas to their designated safe havens are modelled using six
second time intervals. Given the high computational effort, large output datasets and significant post-data
processing requirements, the life safety analysis is developed for only one evacuation (i.e., summer,
single haven, pedestrian).
A meso-resolution analysis compares the effectiveness of pedestrian evacuations to a singlehaven versus pedestrian evacuations to multiple havens. This is modelled using much coarser five-minute
increments. The tsunami hazard is simplified to a single maximum run-up height based upon the
TsunamiCLAW model.
A macro-resolution analysis compares the evacuability and shelterability of Ucluelet and Tofino
during a CSZ tsunami event. The analysis uses one cross-section from each community to provide
generalized representations of the evacuation routes. Rather than modelling the movements of the
population from buildings and outdoor areas, in this third case they are modelled as a line of individuals
who start from evenly-spaced locations along the route. They either evacuate to the single safe haven
located at the end of their route or they shelter-in-place within a structure at their starting location.
A number of baseline GIS and relational datasets are used to develop inputs for the various
models. This includes regional topographic data, local municipal data, orthophotography, local
topographic data, coastal and ocean bathymetry, a digital road atlas and building assessment data. All of
these datasets were gathered for Ucluelet while only topography and general land use data were acquired
for Tofino. These datasets are described in Appendix D.2. Two site visits to Ucluelet and Tofino were
completed in the first four months of the study. The first was a full-day onsite visit, which provided an
opportunity to meet with the District's emergency planner, to become more familiar with the layout of the
community and to observe a tabletop tsunami exercise. Ucluelet's response plan assumed that the whole
community would evacuate in vehicles or on foot to a central safe haven located on the playing fields of
the local high school and elementary school. The second, two-day onsite field trip provided an
opportunity to survey local geographic features, buildings and parks, the road and trail network, local
beaches, dock facilities, critical infrastructure and land use. Evacuation times were observed for walking
and driving from different starting locations to the candidate safe havens. Meetings were also held with
local first responders and District staff to discuss candidate tsunami hazard scenarios, buildings,
infrastructure, the population at risk and possible protective actions. A similar meeting was held with
emergency planners and volunteers in Tofino.
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6.3

Development of the CSZ Hazard Model
A number of mechanistic models that have been proposed to describe the tsunami-generating

uplift mechanisms (Atwater et al. 1995; CREW 2005; Myers et al. 1999; Petersen et al. 2002; Priest 2000;
Satake et al. 2003; Wang et al. 2003). Priest et al. (2010) provide an important recent review of the
possible causal mechanisms that include: relative earthquake size, presence/absence of a splay fault, fault
rupture extent and the co-seismic slip distribution. The tsunami input model used here to estimate the
arrival time and onshore run-ups for Ucluelet and Tofino is the same scenario used by Washington State
Department of Natural Resources for their own tsunami studies (Walsh et al. 2000). The scenario
describes a magnitude M9.1 CSZ event with a rupture length of 1,050 km and a rupture width of 70 km.
This is similar to the magnitude M9.2 scenario more recently recommended by Priest et al. (2010) for
evacuation planning for a CSZ event.
Estimates of the tsunami arrival times and onshore run-ups are developed using TsunamiCLAW
which is a numerical model that implements the shallow water equations in a manner that is suitable for
both the long wavelength, global scale regime as the wave propagates across oceanic water bodies, and
the shorter wavelength, local inundation regime in which the local bathymetry and shoreline features
steer, compress and focus the propagating energy in different ways (Berger et al. 2011; George 2006;
George and LeVeque 2006). Given the hazard input scenario and a bathymetric representation of the
ocean bottom, near-shore bathymetry and onshore topography, the tsunami wave genesis, propagation and
onshore run-ups for Ucluelet and Tofino are developed. The CSZ simulation outputs are post-processed to
produce time-series outputs of flood wave propagation and run-ups at various spatial extents and scales
that include depth, momentum and velocity time-series for sites on the Ucluth and Esowista Peninsulas.
Two time snapshots are presented here. Figure 79 presents a snapshot from the simulation of the onshore
hydrodynamic flows for Ucluelet at t = 39 minutes after earthquake initiation. It shows the tsunami wave
as it affects the Outer Coastline of the community and as it begins to flood into Ucluelet Inlet. Also
shown are the locations where two land bridges that provide evacuation routes could be overtopped by the
tsunami. Figure 80 presents a snapshot at a similar scale of the estimated onshore hydrodynamic flows for
Tofino at t = 38 minutes after earthquake initiation.4 The tsunami model suggests that a large portion of
Tofino's low-lying areas could be affected with the onshore wave possibly overtopping the central part of
the peninsula and flowing into the lee (or backwater) side of the bay located directly east of the
community. The tsunami arrives at Tofino's outer coastline within twenty-five minutes and five minutes
later in the harbour. The maximum flow depths along the coastline are estimated to be nine to thirteen
metres near the beaches and two to four metres in Tofino Harbour.
4

The slightly different plot times were selected because they provide the best graphical outputs.
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Figure 79 - Snapshot of CSZ Tsunami Animation at t = 39 minutes After Earthquake Initiation at Ucluelet
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Figure 80 - Snapshot of CSZ Tsunami Animation at t = 38 minutes After Earthquake Initiation at Tofino
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The time-series outputs of the estimated onshore flows for a M9.1 CSZ tsunami for Ucluelet are
summarized in Figure 81 for three zones: Outer Coastline, Ucluelet Inlet and Ucluelet Harbour. The data
are presented in two forms: the maximum of the depth time series (maximum depth in meters, shown as
diamonds in the plot) and maximum of the Depth-times-Velocity time series (in metres2/second, shown as
squares). These hazard intensity measures are extracted from the TsunamiCLAW model at sites in the
shallows and onshore within each zone. The Coastline Zone experiences the most extreme run-ups
(approximately 13 meters) and the Inlet Zone experiences the highest Depth-times-Velocity values
(approximately 43 meters2/second). For the Harbour Basin Zone, the hydrodynamic model indicates that
the bulk of the floodwaters could flow northwards past the narrow harbour entrance with a portion of the
waters moving laterally into the basin as the inlet fills. The first waves arrive at the Coastline and Harbour
Basin Zones within 20 and 30 minutes, respectively, and achieve their first peak run-ups within 40 and 55
minutes, respectively. The time of maximum depth does not always coincide with the time of maximum
Depth-time-Velocity. The loss functions shown in the plot will be discussed in Section 6.4.
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Figure 81 - Summary of Estimated Tsunami Maxima from TsunamiCLAW by Hazard Zone. Building and
Population Loss Functions (Johnstone and Lence 2012).©2012 ASCE - With permission from ASCE.
A joint review of the simulation outputs with the project advisors and local emergency planners
selected the following conservative safe elevation lines for Ucluelet: twenty meters for the Outer
Coastline Zone, fifteen meters for the southern half of the Inlet Zone, fifteen meters for Harbour Basin
Zone and ten meters for the northern half of the Inlet Zone. The areas uphill of these safe elevations are
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referred to as the Havens Zone. Any building or outdoor area downhill from the Havens Zone boundary is
included in the building exposure, population at risk and loss estimates.

6.4

Development of Benchmark Loss Estimates for Ucluelet
A GIS-based community model is used to estimate physical vulnerabilities, exposures and losses

for Ucluelet. Objects of interest in the model include people, vehicles and key CI assets such as
government buildings, power, communication nodes, roads, local topography and the designated safe
havens. The model of the community's road and trail system is a connected network of segments with
attributes such as road type (e.g., highway, arterial, collector, local), number of lanes and maximum
speed. An Evacuation Route System model is developed by taking the roads dataset and adding local
trails and pedestrian-only pathways based upon orthoimagery, tourist maps and field data. Buildings and
outdoor areas are sites where people can be located. These are called places and the number of people
assigned to each place can be determined by social time and the function of each place (Johnstone et al.
2005). The places dataset is created by geocoding a building assessment database to the road datasets.
Additional places can be added by interpreting the orthoimagery and using field data.
Population distribution scenarios are created for four time periods: Summer-Day, Summer-Night,
Winter-Day, and Winter-Night. "Summer" corresponds to the tourist season and "Winter" corresponds to
the balance of the year. "Day" corresponds to when the bulk of the community is awake, nominally
between 7:00 am and 9:00 pm, and "Night" is the remaining time when most people are asleep in their
homes or accommodations. The tourist population is an important subgroup because they have a major
influence on the community's size, they are generally unfamiliar with local hazards and emergency
response plans, and they are predominantly located in the Harbour Basin Zone. Attributes for individuals
include the time a person requires to mobilize after receiving a warning and their walking speed.
Figure 82 presents an analytical map developed from these datasets. It shows that significant
portions of Ucluelet are vulnerable to damage and loss. Key features at risk include the District Hall,
police station, marinas and docks, retail and commercial buildings, housing, accommodations and the
power line right-of-way. Important evacuation routes that could be overtopped include three land bridges
at the southern end of the Peninsula and a causeway in the Harbour Basin Zone which provides the only
land-based connection between a set of accommodations and the Peninsula. Delays could lead to people
being caught on the connecting land bridges as the tsunami arrives. Important community assets not at
risk to the tsunami include the elementary and high schools, the fire station and EOC, gas stations and
many of the commercial and retail structures along Peninsula Road. Retirement facilities and daycares are
not assessed. Buildings and outdoor places at risk are shown as red dots and buildings in the Havens Zone
are shown as black dots.
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Figure 82 - District of Ucluelet Hazard Zones, Vulnerabilities, and Emergency Response Resources
(Johnstone and Lence 2012).©2012 ASCE - With permission from ASCE.
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A summary of the buildings in the community and the buildings at risk is provided in Table 31
(columns 1 to 6). Building counts are reported by type and subtype and people counts by Time of Day
and Time of Year. A total of 836 buildings and outdoor places are identified. Approximately 58% of the
community's buildings are in a hazard zone with single and multi-family residences and accommodations
being the dominant building types. As much as 75% of retail, commercial, industrial and government
structures are in a hazard zone. The estimated average vertical elevation gain required to reach safety
from ground level at these locations is eleven meters.
Table 31 - Ucluelet's Buildings at Risk and Estimated Losses by Hazard Zone (Johnstone and Lence
2012). ©2012 ASCE - With permission from ASCE.
Use Type and Subtype

Community

At Risk

Estimated Losses

Building Use
Type

Use Subtype

(all)

Coastline

Inlet

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Single Family

Single Family Dwelling (SFD),
Mobile Home

539

93

167

8

3

41

1

Multi-Family

Multiple Family (MFD),
Duplex, Apartment

41

1

16

2

0

0

0

Hotel, Motel (5 or more units)
Large
Accommodations

34

1

6

22

1

2

6

Bed and Breakfast
Small
Accommodations

60

26

26

0

10

7

0

Campground, Marina
Other
Accommodations

10

0

1

9

0

1

2

Education

3

0

0

0

0

0

0

RetailCommGov Retail, Commercial,
Government, Industrial

78

5

42

12

1

19

1

Mixed Use

Retail Units,Family Dwellings

16

0

5

1

0

2

0

Outdoor Areas

Beaches, Trails, Docks,
Viewpoints

55

7

26

7

6

18

2

836

133

289

61

21

90

12

Elementary and High Schools

Totals

Harbour Coastline

Inlet Harbour

A summary of the people in the community and the people at risk is provided in Table 32
(columns 1 to 6). It shows that the combined population of residents and visitors can range between 2,224
and 5,265 people. It is estimated that between one-half and two-thirds of this population is at risk. More
people are at risk during the day than at night because additional residents and visitors from the broader
geographic catchment come into town then. Table 32 includes an estimate of the total number of locals
versus tourists for the Summer-Night scenario. In the Harbour Basin Zone, if all hotels, bed and
breakfasts and campgrounds are at full capacity then tourists could outnumber locals by a factor of 4.6:1
during Summer-Night. During the second field trip, some local residents suggested the actual number of
visitors might be higher as some of them find places to camp illegally overnight. The high proportion of
visitors during the tourist season confirms the importance of educating visitors about the seismic and
tsunami hazards.
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Table 32 - Ucluelet's Population at Risk and Estimated Losses by Hazard Zone (Johnstone and Lence
2012). ©2012 ASCE - With permission from ASCE.
Times of Year and Day
Time of Year
[1]
Winter

Summer

Community

At Risk

Estimated Losses

Time of Day
[2]
Day

(all)
[3]
2,609

Coastline
[4]
233

Inlet
[5]
776

Harbour
[6]
408

Coastline
[7]
69

Inlet
[8]
268

Harbour
[9]
75

Night

2,224

335

677

233

49

142

47

Day

5,265

508

1,792

1,149

220

681

248

Night:

3,323:

469:

908:

838:

123:

253:

223:

Locals

2043

305

638

150

35

133

23

Tourists

1280

164

270

688

88

120

200

An inspection of the tsunami maxima and loss functions in Figure 81 suggests that the tsunami
would be very damaging in all three hazard zones for both buildings and people. Three loss functions are
shown for one-storey wood frame buildings, two-storey wood frame buildings and adults. The curved
portions of the structural loss curves represent a constant depth-times-velocity value which delimits loss
of a building due to structural or breach failure and the horizontal portion of each curve represents the
depth above which a breach or buoyancy failure could occur (Becker et al. 2011; DEFRA 2003;
Johnstone and Sakamoto 2004; Reiter 2000). A similar loss function is shown in Figure 81 for adults. An
instantaneous loss will occur if a person experiences a depth value at which they will float or a depthtimes-velocity value above which they will lose stability due to moment or friction effects and topple
(Jonkman and Penning-Rowsell 2008; Lind et al. 2004). This is used to assess consequences for people
caught outdoors by the tsunami wave. If a person is occupying a structure, then a structural loss will cause
mortality. If a person is occupying an outdoor place, then mortality is a function solely of each
individual's ability to resist the wave.
Given these considerations, structural and human losses are estimated for the four Time of Day
and Time of Year combinations. These are shown in columns 7, 8 and 9 of Tables 31 and 32. The greatest
number of structural losses appear to occur along the Inlet. Many of the structural losses on the Outer
Coastline appear to be associated with tourist accommodations and outdoor areas, whereas losses in the
Inlet and Harbour Zones comprise single family, retail-commercial, government and accommodation
structures. These two zones also have a number of outdoor areas.
It is estimated that 123 structures could be lost. The Inlet Zone has the highest structural loss rate
at 31%. Assuming that the PAR do not evacuate, it is estimated that between 412 and 1,149 people could
be lost. The overall mortality rate FLOL ranges between 19 and 33% of the PAR located in the exposure
zone, the community mortality rate (i.e., as a per cent of the whole community population) ranges
between 11 and 22% and the estimated tourists-at-risk mortality rate under the Summer-Night scenario is
36%.
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6.5

Development of Mitigation Estimates for Ucluelet
The benchmark estimates provide a basis for developing the mitigation estimates. The analysis

focuses on the Summer-Day scenario because this has the largest population at risk. Four emergency
response scenarios are assessed: single-haven - vehicle, single-haven - pedestrian, multi-haven - vehicle
and multi-haven - pedestrian. Using the maps of the population distribution, the building stock, the
Evacuation Route System and the Havens Zones, additional safe haven sites can be identified uphill from
the Harbour Basin along Peninsula Road, on Hyphocus Island, and at Amphitrite Point. These are
indicated using the green 'S' symbols in green squares in Figure 82. Given Ucluelet's steep local
topography the evacuees do not need to move large horizontal distances to quickly gain elevation. By
introducing the additional safe havens the average horizontal distance to reach safety was decreased by a
factor of three from 770 meters to 240 meters.
The community responses are simulated using the LSM under the assumptions that everyone
(including tourists) would self-activate without the need to be warned by the authorities and they would
evacuate along the shortest path to the nearest safe haven along the Evacuation Route System. Two time
distributions are defined to characterize the trip generation times: time to first awareness and mobilization
time. Time to first awareness is assumed to follow a Uniform [3,5] minute distribution to encompass the
duration of the ground shaking (during which time the population cannot take protective action) and the
elapsed time required for individuals to self-activate. The first opportunity to mobilize would begin 3 to 4
minutes after the earthquake starts and 100% of the population would be aware and could move after 5
minutes. Rogers et al (1990) provide data for responses by North American communities larger than
Ucluelet to floods and chemical accidents which show that between 2.5% and 60% of these communities
are mobilized within 15 minutes and that in the best case 96% of the population is mobilized after one
hour. An important difference here is that the whole community will feel strong ground motions for a
number of minutes (CREW 2005); therefore, it is assumed that the awareness process is similar to that of
hearing a building fire alarm and that the population will mobilize and begin to evacuate as quickly as
possible. Two ad hoc distributions are selected for mobilization times: the pedestrian mobilization time is
based on a Uniform [3,8] minute distribution and the vehicular mobilization is based on a slightly longer
Uniform [5,10] minute distribution to account for additional time to get into and start a vehicle.
The evacuation simulator uses a Greenshields traffic flow model that estimates speeds as a
function of vehicle or pedestrian density (May 1990). For vehicular movements, the controlling
parameters are a jam density of 150 vehicles per kilometre per lane and a free flow speed of 20 km/hour.
This can yield a maximum flow of 750 vehicles per hour per lane, similar to a single-lane, Class IV road
with a Level of Service between D and E (TRB 2000). For pedestrian movements, the controlling
parameters are set to a jam density of 1,200 people per kilometre per lane, and a free flow speed of 4 km
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per hour, reflecting a Level of Service C (TRB 2000). Figure 83 summarizes the results of the evacuation
simulations in terms of the proportion of people who have reached a safe haven as a function of time for
the Summer-Day scenario. Time, in fifteen minute increments, is shown on the horizontal axis, while the
percentage of people who have reached a safe haven is shown vertically. For comparison purposes the
plot also shows an idealized evacuation timeline which assumes that the PAR need to reach a safe haven
within twenty minutes.
"Ideal"
Evacuation

InitialArrivalTime
At Coastline

100%

% Safe

80%
60%
40%
20%
0%
0

15
Time
(minutes)

30

45

Single Haven/Vehicle
Single Haven/Pedestrian
Multi-Havens/Vehicle
Multi Havens/Pedestrian

Figure 83 - Estimated Evacuation Timelines for the Summer-Day Scenario (Johnstone and Lence
2012).©2012 ASCE - With permission from ASCE.
Assuming that the relative effectiveness of a proposed plan can be assessed by comparing the
proportions of the population that have reached a safe haven, the multi-haven, pedestrian plan is the most
effective option with 37% of the population reaching a haven within twenty minutes and 82% within
forty-five minutes. The other three plans are estimated to be far less effective at moving the population to
safety. If effectiveness for each of the scenarios is assessed in terms of loss reduction at forty-five
minutes, the vehicle-based plans could reduce losses by 65 to 67%, and the pedestrian-based plans could
reduce losses by 82 to 93% (with the higher reductions for the multi-haven plans). The main factor that
contributes to greater reductions for pedestrian-based plans and larger losses for vehicular-based plans are
the long lines of slowly moving vehicles which are unable to leave the hazard zones before the tsunami
arrives. This suggests that pedestrian-based movements towards multiple safe havens offer the best
potential for reducing tsunami consequences. While examples of plans from other jurisdictions already
suggest that evacuation on foot can be preferred to vehicular egress in some cases (Samant et al. 2008;
Scheer et al. 2011), this analysis makes a strong case for pedestrian-based evacuations.
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The loss estimates presented in Section 6.4 provide important information about the possible
consequences of a CSZ tsunami event and the evacuation response curves presented in Figure 83 can be
used to compare the relative merits of possible protective actions. However, the response curves do not
incorporate information about uncertainties in key input variables such as hazard intensity and they
cannot be used to assess the time-dependent reliability of the response plan. The proposed Life Safety
Measures provide an approach that addresses both of these concerns. The next three sections demonstrate
how the Life Safety Measures can be used to address these issues.

6.6

Assessment of Ucluelet's Single Haven Evacuation Plan (Micro-Resolution)
This section develops a micro-resolution life safety analysis of a pedestrian-based evacuation of

Ucluelet for a summer-day, pedestrian evacuation to a single haven. The movements of all 5,265 people
(PARUs) moving as 2,218 groups (PARGs) are modelled using the LSM for a two-hour period using a
six-second time step. The average size of each group is approximately 2.4 people which is close to the
size of a typical household in Canada (Statistics Canada 2007).
The output time series of the evacuation behaviours of these groups are stored in data files in one
minute time increments. The time series data can be post-processed to investigate the influence of the six
variables in Equations (26) and (27) (Section 4.3.3) on loss and survival outcomes (i.e., HAZ_I, CPS_P,
PAR_S, HAZ_T, CPS_T and PAR_T). A deterministic Design of Experiments is used to explore the
ranges of possible values for these six variables (Figure 84). Since the maximum tsunami run-up could
range between ten and fourteen metres at the Outer Coastline, three HAZ_I values of ten, fifteen and
twenty metres are specified. The random variable for individual strength PAR_S is set to one and two
metres to explore how variations in the strength of the PAR might affect outcomes.
It is assumed that the CPS cannot detect and warn in time so CPS_T is not used. This means that
the time required to reach safety is fully determined by the population. During the initial ground shaking
the population must drop, cover and hold on until the shaking has stopped. They must then make their
way out of damaged structures and get ready to evacuate. The span of time from earthquake initiation
until the person has exited the damaged structure and has started its journey is called individual
mobilization time. It is modelled using the time variable TSMM (see Section 4.3.4). Three mobilization
times are used for TSMM: ten, twenty and thirty minutes. The evacuation time required to reach the target
safe haven is developed from the time-series outputs for each person.
Three fifteen-minute time ranges are assessed for the hazard arrival time HAZ_T: twenty to thirtyfive minutes, forty to fifty-five minutes and sixty to seventy-five minutes. Since the output time-series are
stored in one-minute increments, sixteen hazard arrival times can be considered within each time range.
Given that the values for CPS_P are determined by each person's route combined with the timing of its
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movements, there can be sixteen time points along the person's route where it could encounter the hazard.
The person's location along the route determines the protection that it is offered by the CPS as shown in
Figure 84. Together, these assumptions define three HAZ_I, two PAR_S, three TSMM and three HAZ_T
scenarios for a total of fifty-four composite scenarios. Since each HAZ_T time span describes sixteen
arrival times, there are sixteen possible hazard-person encounters along the route and sixteen possible
values for CPS_P at each of those locations. The full Design of Experiments specified 54 x 16 = 864
possible samples that can be developed for each person.
HAZ_I

3
3

PAR_S

x
x

2
2

TSMM

x
x

3
3

HAZ_T

x
x

3
3 x 16

=
=

54 composite scenarios
864 samples

20 to 35 min
10 min
1m
10 m

20 min

16 locations along route

40 to 55 min

Crosssection

60 to 75 min

30 min
2m

CPS_P

HAZ_I

CPS_P

15 m
16 samples in each
15-minute time span

20 m

O

Route

D

Movement towards safety

Figure 84 - Set of Composite Scenarios and Samples for Each Individual
Given that there are no software tools currently available to support the efficient extraction and
post-processing of the evacuation simulator outputs, the estimates of the Life Safety Measures must be
developed using a combination of manual and semi-automated methods. The full evacuation of the PAR
can be modelled and stored online, but it is only feasible at this stage to extract and analyse a small subset
of the population. Three criteria are used to select the subset. Each person should be exposed to extreme
hazard intensities, need to travel a long distance to their safe haven and should represent a unique
geographic location from within the hazard exposure zone. Eight people are selected using these criteria
as shown in Figure 85: PARU0001 is located at the southern-most end of the Ucluth Peninsula at the
Coast Guard Station, PARU0185 is on Terrace Beach which faces the ocean, PARU0317 is on Hyphocus
Island on low-lying land beside the Ucluth Inlet, PARU0352 is in a structure directly exposed to the
ocean, PARU0628 is on a beach along the Inlet, PARU2059 is at a marina in the Harbour Basin,
PARU1218 is located in a subdivision that faces the ocean and PARU2192 is in a resort located on the far
side of the Harbour Basin.
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PARU2192
PARU2059

Target
Haven

PARU1218

PARU0628

PARU0317
PARU0352

PARU0185

Route

PARU0001

Origin

Figure 85 - Origins, Routes and Central Destination for the Eight Selected Individuals
A post-processing analysis tool was developed to analyse the time-series extracts from each of the
eight individuals. Figure 86 shows how this tool is used to analyse Life Safety for PARU0001 for the
following parameter values: HAZ_I = 20 m, HAZ_T = [40, 55] min, TSMM = 20 min, and PAR_S = 2 m.
CPS_P is the topography along the route. The figure is divided into three parts. Figure 86a shows how
HAZ_I, CPS_P and GP vary as a function of distance O from the safe haven back to the PARU0001's
starting location. This plot is time-independent and does not consider emergent behaviours such as
congestion along the route. It shows locations along the route where GP d 0 and the PARU0001 could be
lost. Figure 86b shows the data from Figure 86a in time-dependent form. The fifteen-minute time period
between t = 40 and 55 minutes is the window when the hazard affects the community. This is indicated by
showing HAZ_I = 0 except for the time window. Figure 86c shows the full Journey Line for the person
for the full two-hour period assuming that the individual leaves immediately. Figure 86d selects the
portion of the Journey Line for the time span of hazard impact. Estimates of FLOL for that individual can
now be calculated. FLOL = 69% in this case. Estimates of GP and GT can also be extracted.
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Figure 86 - Example of Life Safety Performance Analysis for PARU0001: a) HAZ_I, CPS_P and GP
versus O, b) HAZ_I, CPS_P and GP versus Event Time, c) Journey Line and d) Life Safety Performance
Plot
The evacuation time series data for the eight people are extracted and then analysed using the
method shown in Figure 86 for all fifty-four composite scenarios. The results of this analysis are
summarized in Table 33. Each row presents the results for one of the fifty-four scenarios and summarizes
the loss and survival outcomes for each of the eight individuals. Since the analysis considers sixteen
locations along each person's route, each row summarizes 148 (16 x 8) loss and survival outcomes. The
fifty-four sets of outcomes are reported in three forms: the estimated GT values, the estimated GP values
and the Life Safety FOK estimates. The total size of this Life Safety Performance dataset is 8 individuals x
16 time points x 54 composite scenarios = 6,912 points. If a full analysis of all 5,265 people had been
developed for the full 120-minute simulation for all fifty-four composite scenarios, this would have
produced just over 34 million sampling points. This provides a sense of the size of the dataset that can be
produced by a micro-resolution simulation exercise.
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Table 33 - Composite Evacuation Input Scenarios and Estimated Societal Life Safety Measures
Inputs

OutcomesforEachCompositeScenario

ID

HAZ_I

HAZ_TSpan

CPS_P

TS MM

PAR_S

(min)
20
35
40
55
60
75
60
75
60
75
60
75
60
75
60
75
60
75
40
55
40
55
40
55
40
55
40
55
40
55
20
35
20
35
20
35
20
35
20
35
20
35
60
75
60
75
60
75
60
75
60
75
60
75
40
55
40
55
40
55
40
55
40
55
40
55
20
35
20
35
20
35
20
35
20
35
20
35
60
75
60
75
60
75
60
75
60
75
60
75
40
55
40
55
40
55
40
55
40
55
40
55
20
35
20
35
20
35
20
35
20
35
20
35

(m)
Along
route

(min)
10
20
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30
10
10
20
20
30
30

(m)
1
2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

(m)
10
15
20
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route
Route

2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1

GT

GP

F OK

Mean Sigma %OK Mean Sigma %OK
(minutes)
(metres)
21.8
21.8
11.8
11.8
1.8
1.8
1.8
1.8
8.3
8.3
18.3
18.3
18.3
18.3
28.3
28.3
38.3
38.3
21.8
21.8
11.8
11.8
1.8
1.8
1.8
1.8
8.3
8.3
18.3
18.3
18.3
18.3
28.3
28.3
38.3
38.3
21.8
21.8
11.8
11.8
1.8
1.8
1.8
1.8
8.3
8.3
18.3
18.3
18.3
18.3
28.3
28.3
38.3
38.3

15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3
15.3

89%
89%
80%
80%
54%
54%
54%
54%
30%
30%
13%
13%
13%
13%
0%
0%
0%
0%
89%
89%
80%
80%
54%
54%
54%
54%
30%
30%
13%
13%
13%
13%
0%
0%
0%
0%
89%
89%
80%
80%
54%
54%
54%
54%
30%
30%
13%
13%
13%
13%
0%
0%
0%
0%

17.5
16.5
17.0
16.0
15.6
14.6
15.6
14.6
12.6
11.6
10.6
9.6
10.6
9.6
5.4
4.4
0.7
0.3
12.5
11.5
12.0
11.0
10.6
9.6
10.6
9.6
7.6
6.6
5.6
4.6
5.6
4.6
0.4
0.6
4.3
5.3
7.5
6.5
7.0
6.0
5.6
4.6
5.6
4.6
2.6
1.6
0.6
0.4
0.6
0.4
4.6
5.6
9.3
10.3

3.2
3.2
3.5
3.5
4.4
4.4
4.4
4.4
5.4
5.4
6.3
6.3
6.3
6.3
9.5
9.5
9.8
9.8
3.2
3.2
3.5
3.5
4.4
4.4
4.4
4.4
5.4
5.4
6.3
6.3
6.3
6.3
9.5
9.5
9.8
9.8
3.2
3.2
3.5
3.5
4.4
4.4
4.4
4.4
5.4
5.4
6.3
6.3
6.3
6.3
9.5
9.5
9.8
9.8

100%
100%
100%
100%
100%
100%
100%
100%
99%
98%
94%
93%
94%
93%
65%
64%
38%
38%
100%
100%
100%
100%
98%
95%
98%
95%
89%
85%
79%
76%
79%
76%
54%
52%
27%
27%
100%
100%
100%
100%
93%
92%
93%
92%
77%
75%
66%
63%
66%
63%
41%
36%
15%
15%

OK

Loss

100%
100%
100%
100%
100%
100%
100%
100%
99%
98%
94%
93%
94%
93%
65%
64%
38%
38%
100%
100%
100%
100%
98%
95%
98%
95%
89%
85%
79%
76%
79%
76%
54%
52%
27%
27%
100%
100%
100%
100%
93%
92%
93%
92%
77%
75%
66%
63%
66%
63%
41%
36%
15%
15%

0%
0%
0%
0%
0%
0%
0%
0%
1%
2%
6%
7%
6%
7%
35%
36%
62%
62%
0%
0%
0%
0%
2%
5%
2%
5%
11%
15%
21%
24%
21%
24%
46%
48%
73%
73%
0%
0%
0%
0%
7%
8%
7%
8%
23%
25%
34%
37%
34%
37%
59%
64%
85%
85%
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Three views of the data from Table 33 will be explored here: 1) plots of FOK as a function of the
input variables; 2) plots of outcomes in the Life Safety Performance Space and 3) response surface
visualizations of FOK in the Life Safety Performance Space. The first set of plots show four views of the
outcomes data. Figure 87 plots FOK versus HAZ_I with the outcomes symbolized in four ways. Figure 87a
shows the outcomes symbolized by HAZ_I. The green squares correspond to HAZ_I = 10 m, yellow
diamonds to 15 m and red triangles to 20 m, respectively. The plot shows that FOK values can range from
one hundred per cent down to fifteen per cent. Figure 87b shows the outcomes as a function of HAZ_T
which appears to be an influential variable as it has the lowest average life safety of with FOK = 52% for
HAZ_T = 20 minutes. Figure 87c shows how longer mobilization times can lead to higher mortality with
larger values of TSMM corresponding to lower FOK values in some cases. Figure 87d shows that the
strength of the PAR has little influence on outcomes.
Combinations of the input variables can also be assessed. For example, consider the case where
HAZ_I = 15 m and HAZ_T = 20 minutes which is within the expected domain of the actual event (Figure
87c). Variations in TSMM can lead to very large differences in CPS performance. In this case, if TSMM = 30,
20 and 10 minutes then FOK = 27, 53 and 77%, respectively. This suggests that a 20 minute reduction in
response times could more than double Life Safety Performance from 27 to 77%.
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Figure 87 - FOK versus HAZ_I and Symbolized by: a) HAZ_I, b) HAZ_T, c) TSMM, and d) PAR_S
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The second set of plots develops examples of Figure 42 from Section 4.3.5. Figure 88 plots all
fifty-four outcomes symbolized as functions of each random variable. Figure 88a shows the influence of
HAZ_I. The top row of outcomes plotted as green squares are for HAZ_I = 10 m. As HAZ_I increases in 5
m increments the performance curve shifts downwards. Figure 88b shows that HAZ_T is also influential.
The worst-case outcomes are the red triangles which correspond to HAZ_T = 20 minutes. Figure 88c
shows how TSMM influences the outcomes along the time axis but not as much as HAZ_T. Figure 88d
shows why PAR_S is not an important factor here. It shows that a doubling of the PAR_S strength value
barely has any effect. By comparison, doubling HAZ_I from 10 to 20m has a much greater effect on
whether the people receive enough protection from the CPS. Based upon this analysis, a possible ranking
of the influence of the random variables in decreasing order of influence is HAZ_T, HAZ_I, TSMM and
PAR_S.
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Figure 88 - Life Safety Performance Plots as a Function of HAZ_I and PAR_S: a) plotted by values of
HAZ_I, c) plotted by values of HAZ_T, c) plotted by values of TSMM and d) plotted by values of PAR_S
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Figures 87 and 88 provide important visualizations that are complementary, but Figure 87 does
not present the data in the Life Safety Performance Space and Figure 88 does not present important
information such as FOK or FLOL. Figure 89 attempts to remedy this deficiency by presenting the data in a
single view. It develops the Life Safety Response Surface FOK(GT,GP) as a three-dimensional response
surface for population survival as a function of the two limit state equations. The [GT,GP] Life Safety
Performance Space is shown as a projection along the bottom surface and the FOK values are symbolized
from red to green to show very poor performance to full protection of the population. A blue bounding
polygon has been added to the response surface to show the nominal area where FOK = 100% and this
shape is also projected down onto the [GT,GP] plane. The rapid drop in performance surface suggests that
survival outcomes are highly sensitive to shortfalls in both time and protection. This supports the
recommendation to consider a multi-haven evacuation strategy instead.
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Figure 89 - Three-Dimensional Rendering of the Life Safety Response Surface for Summer-Day,
Pedestrian, Single Haven
The micro-resolution example shows that the general methodology is sufficiently flexible to
accommodate a Design of Experiments with a number of different factors and to investigate the influence
of each of the random variables on the loss and survival outcomes. A much larger set of composite
scenarios could have been assessed but the limiting factor was tools, time and resources. This example
also shows what might happen within each neighbourhood and along each evacuation route to a haven.
Because the underlying simulation considers events in a holistic manner, emergent systems behaviours
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such as road congestion are incorporated directly into the performance estimates. Additional response
surfaces such as FLOL(GT, GP), FOK(HAZ_I, HAZ_T), FOK(CPS_P, CPS_T) and FOK(CPS_P, HAZ_I) could
be developed. The plots, graphs and animations provide the most detailed visualizations that can be
provided to the stakeholders at this level of analysis.

6.7

Comparison of Single and Multi-Haven Evacuation Plans for Ucluelet (MesoResolution)
This section develops a meso-resolution analysis of two Ucluelet evacuation plans for Summer-

Day: evacuation to a single haven and evacuation to multi-havens. The intent is to explore the efficacy of
using Life Safety Measures that are estimated using models that have spatial and temporal resolutions that
sit between the coarser macro-resolution and the finer micro-resolution models. The meso-resolution
model is developed by taking two of the micro-resolution mitigation models described in Section 6.5
(Summer-Day-Pedestrian-Single Haven and Summer-Day-Pedestrian-Multi-Haven), re-running the two
LSM models and extracting time-series data using five-minute time steps in the time period t = [0,70
minutes]. This coarsens the outputs such that the PAR move in five-minute straight line jumps from their
origins to their target destinations. This produced fifteen time snapshots from t = 0 to t =70 minutes. This
coarser time step filters out much of the vertical elevation detail that is used in the micro-resolution
simulation. Alternate meso-resolution approaches could also have been considered. For example, the
community could have been divided into polygonal areas and the evacuation model could have simulated
individual movements between the centroids of the polygons.
The HAZ system is represented as a single run-up elevation of HAZ_I = 20 m for the whole
community. The same population of 5,265 people and 2,218 groups from the micro-resolution LSM
simulation are used here. Snapshots comprising five variables that describe the time-dependent location
and status of each person (i.e., a unique ID, Easting, Northing, elevation, status) are extracted at fiveminute intervals. The size of each output dataset from the LSM simulator is 2,218 groups times fifteen
time snapshots times five output variables. This produces a dataset with 166,350 data points.
A geographic plot of the locations of the evacuating population is provided in Figure 90 at times t
= 0, 20, 40 and 60 minutes. The first plot shows the population at their origins. The next three graphics
plot the progression of the population as they move along their routes towards the single safe haven at the
centre of the community. In the extracted snapshot datasets, the arrival time of each person at his target
safe haven is indicated by a state change from "Evacuating" to " Safe". This event can be used to
determine the time required to reach the haven. This is combined with the geographic information that is
included for each person to develop Journey Lines. Once these lines are established it is possible to
develop Life Safety Performance plots for the sequence of event times from t = 0 to 70 minutes.
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Figure 90 - Plots of Evacuations for Summer-Day to a Single Haven: a) Population locations t = 0
minutes, b) Population locations at t = 20 minutes, c) Population locations at t = 40 minutes and d)
Population locations at t = 60 minutes
The resulting set of performance visualizations for the two scenarios are shown in Figure 91. The
left-hand column shows the snapshots at t = 0, 20, 40 and 60 minutes for single haven evacuation and the
right-hand column shows similar snapshots for multi-haven evacuation. The average [GT,GP] values for
all individuals for each point in time are shown as an orange diamond. The full time-dependent trajectory
of these averages through the [GT,GP] space is shown as a connected set of blue diamonds for singlehaven and red diamonds for multi-havens. The orange diamonds move to the right and upwards as the
PAR moves towards safety. Many of the PAR in the single-haven event start at t = 0 with sufficient
protection and do not need to move, but the evacuation assumes that everyone moves to higher ground.
As time progresses the PAR move into the top-right quadrant. For the multi-haven evacuation (right
column), the starting locations are exactly the same but the PAR are much "closer" to safety both in
spatial and temporal terms. This is because they are indeed closer to the expanded set of havens.
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Figure 91 - Life Safety Performance Space Plots: Column 1: Evacuation to Single Haven at t = 0, 20, 40
and 60 minutes, Column 2: Evacuation to Multi-Havens at t = 0, 20, 40 and 60 minutes
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Also shown in the right-hand column of Figure 91 for multi-haven evacuations are three-sigma
ellipses that are developed to demonstrate the use the FOSM Method to estimate FLOL and FOK (see Figure
44 in Section 4.3.6). The ellipses are developed using mean values and the eigenvectors and eigenvalues
of the covariance matrix for the set of outcomes for each person in the [GT, GP] space at t = 0, 20, 40 and
60 minutes. A calculation of CPS performance for the multi-haven plan at t = 20 minutes using the FOSM
Method produces the following results: E = 0.59, FLOL = 27.3% and FOK = 72.3%. This compares
favourably with a simple frequency count of the number of people in the survival domain which estimates
that FOK = 76%. The ellipses also provide a useful visualization of the Life Safety Performance of the
CPS. If the maximum allowable probability of failure can be specified as a function of the three-sigma
ellipse then the CPS performance goal is to move the ellipse entirely into the survival domain before the
hazard arrives. Figure 91 also identifies opportunities for improving the multi-haven evacuation plan.
Four dots can be seen in the bottom-right loss domain in the forty-minute and sixty-minute plots. These
points correspond to a safe haven located between the two land bridges shown in Figure 82 (Section 6.4).
This haven should be removed from the candidate set of havens and the simulation and the life safety
calculations updated. This shows the value of plotting outcomes in the Life Safety Performance Space.
A comparison of the performance of the CPS for single haven and multi-haven evacuations is
shown in Figure 92 using the [GT,GP] averages from Figure 91. The blue points plot the single haven plan
and the red points plot the multi-haven plan. Two pairs of points are highlighted: the initial conditions at t
= 0 minutes and conditions at t = 30 minutes. The figure shows that the multi-haven approach is superior
to the single-haven. The average values for [GT,GP] for the multi-haven alternative start with smaller
shortfalls in time and protection and move more quickly into the time and protection surplus domain.
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Figure 92 - Comparison of Life Safety Performance: Single Haven versus Multi-Haven Evacuations
A final example is developed here to show how additional details about the performance of the
CPS can be derived from the time-series dataset. Figure 93 presents a geographic plot of the population
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grouped into three evacuation zones: North, Central and South. They are shown at their starting locations
at time t = 0. The North Zone population is shown using green diamonds, the Central Zone using yellow
circles and the South Zone using blue triangles. Figure 94 presents two performance plots for the multihaven evacuation at time t = 20 minutes using these same symbols. Figure 94a shows locations of people
as a cross-sectional view with the horizontal axis showing distance to the central haven and the vertical
axis showing elevation at t = 20 minutes. Figure 94b shows them in the Life Safety Performance Space.
The North Zone population has the largest deficits in both time and protection, followed by the population
in the South Zone. Figure 94a shows a characteristic up-and-down pattern for the North and South Zones
which reflect long lines of pedestrians moving on roads over the undulating topography. The population
in the Central Zone have surpluses in both time and protection. If the tsunami hazard arrived sooner than
planned, most of the Central Zone population would have sufficient protection to avoid loss.
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Figure 93 - Geographic Plot of Journey Origins for the North, Central and South Zones
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Figure 94 - Performance Plots: Summer-Day-Pedestrian, Single-Haven at t = 20 minutes: a) Population
Elevation versus Distance from Haven, b) Population in the Life Safety Performance Space
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The meso-resolution analysis explores how the Life Safety Measures can be used to assess and
compare tsunami evacuation plans and to investigate detailed aspects of the community responses. It
provides supporting input to the process that decides which protective action is preferred. For example,
there are clear differences in both the time and protection margins between the single- and multiple-haven
approaches and in the differential performance for the three evacuation zones. The analysis concurs that
the multi-haven option is superior to the single haven option.

6.8

Assessment of Evacuability and Shelterability for Ucluelet and Tofino (MacroResolution)
As a first approximation, the evacuability and shelterability of Tofino and Ucluelet is assessed by

developing one representative evacuation route for each community. Each route is a very general
approximation of the geographic layout and cross-sectional shape of the community. The route is selected
to describes what could be the worst-case scenario in which the population is located at points that
experience the most extreme values of HAZ_I and that are located at points which are the furthest
distances from the safe havens. Evacuability and shelterability are assessed by applying the Life Safety
Estimation methods to a population that is distributed uniformly along the evacuation route (i.e., people
start at evenly-spaced origins). Evacuability is assessed by modelling their evacuation to the distant haven
(i.e., everyone moves to the single destination). If a person encounters the tsunami hazard while
evacuating, that person's ability to resist the wave is based upon a combination of their own height and the
elevation protection offered by the CPS at their location. Shelterability is assessed by assuming that these
people shelter in one-storey structures located at their starting locations. If the occupied structure
encounters the tsunami hazard the resistance to the wave is based upon a combination of the person's
strength and the CPS protection offered by the ground elevation of the structure and the height of the
structure's floor. In both cases, GP only uses flow depth, local ground elevation and height values and
does not consider flow velocity.
Eight HAZ_I values from seven to twenty-one metres in increments of two metres are used here.
This assesses the evacuability and shelterability for intensities that bracket the run-up estimates developed
using TsunamiCLAW. HAZ_T is set to a single value of thirty minutes which is the estimated arrival time
of the initial tsunami waves. Even though the tsunami wave is estimated to reach its peak about fifteen
minutes after arrival, this conservative assumption is used here. An additional assumption is that at the
moment when the tsunami wave arrives the run-up elevation of the tsunami flood wave is applied
uniformly to the community.
The evacuation routes used in the macro-resolution analysis are shown in Figure 95. The
evacuation route for Tofino starts at a south-western point located at 'O' on the outer shoreline. This is one
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of furthest distances from the safe haven located at 'D' in Figure 95a. The evacuation route moves north
along a local road, east to the coastal highway and then north again to an internal haven where the
elevations are more than 20m above MSL. It was not possible to find a starting point in Ucluelet with a
similar combination of extreme exposures and a long distance to a safe haven. It was decided that the
priority was exposure to extreme HAZ_I values so an origin location was selected within the Outer
Coastline zone (Figure 95b). The Ucluelet route follows a path north-eastwards along the shoreline to the
coastal highway and then northwest towards the internal safe haven at the grounds of the High School.
a. Tofino

b. Ucluelet
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Figure 95 - Locations of the Evacuation Routes: a) Tofino, b) Ucluelet
The following additional assumptions are made to develop the performance estimates. Both
communities have the same uniform distribution of one person per metre. The strength of each person is
the nominal height of an adult: PAR_S = 1.75m. When the protective action is Shelter-in-Place the
protection offered by the one-storey structures is 1.80 m. The total resistance to the wave is the sum of the
local elevation plus the structure height plus the person's height.
As with the micro- and meso-resolution models, the population must drop, cover and hold on
until the ground shaking stops. A set of discrete values for TSMM from 10 to 30 minutes in 5 minute
increments is used to describe the possible variation in individual mobilization times. The same
mobilization time is used for the whole population to avoid the need to model congestion. The people
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evacuate at a uniform speed of 4.5 km/hr (75 m/min) and there are no changes in speed due to slope
changes or additional congestion effects as they enter the safe haven.
Given these assumptions, the life safety analysis assesses eight different values for HAZ_I and
seven different values for TSMM for a total of fifty-six evacuation scenarios. Since there is only one
protective action to consider and there are eight HAZ_I values, this describes eight Shelter-in-Place
scenarios. Together, this defines a total sixty-four scenarios to model. The macro-resolution method
developed to estimate the Life Safety Performance of the CPS is described in Appendix E and Appendix
E.4 provides plots from the specific calculations that support the results presented below.
The results of the life safety analysis for the two communities are summarized in Figure 96. The
plots compare the magnitudes of event mortality using NLOL on a per kilometre basis because the two
evacuation routes have different lengths. Figure 96a and b show the results for Tofino and Figure 96c and
d show the results for Ucluelet. Figure 96a and c provide mortality as a function of HAZ_I and TSMM as
the secondary variable. Figure 96b and d switch the two independent variables with TSMM as the primary
variable and HAZ_I as the secondary variable. The dependent variable for all four plots is NLOL per km.
The five solid black lines in Figure 96a show mortality as a function of HAZ_I with constant time values
of TSMM for each line. The dashed line shows mortality outcomes as a function of HAZ_I assuming
Shelter-in-Place (SHEL). A sheltering line is not plotted in Figure 96b and d because sheltering means
that each person is already in its shelter (i.e., TSMM = 0). These would be dots at TSMM = 0.
For Tofino, Figure 96a shows that HAZ_I has a significant influence on mortality. The losses
climb quickly from near zero when HAZ_I = 9 m to more than 190 people for all scenarios when HAZ_I =
13 m. The mortality rate climbs to 942 people per km if HAZ_I = 20 m and TSMM = 30 minutes. This is
almost a total loss of life. The SHEL line shows that Shelter-in-Place is one of the worst-performing
options. Only the evacuation scenarios with TSMM = 30 minutes perform worse than shelter-in-place.
Figure 96b shows that TSMM is also important. An inflection point in the losses occurs at TSMM = 15
minutes which suggests that evacuations should begin within ten minutes. This plot also shows the clear
jump in loss outcomes between HAZ_I = 9 m and 11 m. Both plots suggest that: tsunami losses in Tofino
are more sensitive to the hazard intensity HAZ_I, the time variable TSMM has an important secondary
influence and sheltering-in-place may only be effective when HAZ_I d 9 m. This is problematic because
the estimated maximum run-ups for an M9.1 CSZ event are approximately nine to thirteen metres near
Tofino's beaches (see Section 6.3).
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The Ucluelet mortality results shown in Figure 96c and d are notable but much less extreme than
for Tofino. Figure 96c does not exhibit a loss inflection point for HAZ_I. The slopes of the loss curves in
Figure 96d are steeper than those in Figure 96b. This suggests that TSMM has a greater effect on outcomes
for Ucluelet than for Tofino for times greater than 20 minutes. Figure 96c shows that sheltering in
Ucluelet is only better than scenarios with TSMM = 30 minutes, that all of the evacuation alternatives with
TSMM d 25 minutes dominate the sheltering alternatives for Ucluelet and no people are lost if TSMM d 15
minutes for any of the HAZ_I values. Figure 96d shows the last point more clearly. If TSMM can be kept at
or below 15 minutes, then it is robust to any of the hazard intensities considered in this analysis. This
suggests that evacuation will generally be preferred over sheltering for Ucluelet.
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Stakeholders will want to know which protective actions are effective and whether there are cases
where neither option can work. Figure 97 provides estimated mortality outcomes for all scenarios as a
function of the two independent variables HAZ_I and TSMM. HAZ_I is the horizontal axis and TSMM is the
vertical axis. A protective action is deemed effective if the estimated loss of life is zero. There are four
possible conclusions for each of the fifty-six [HAZ_I, TSMM] combinations in each plot: 1) EVAC and
SHEL are both effective ("Either"), 2) only EVAC is effective, 3) only SHEL is effective and 4) neither is
effective ("FAIL"). Appendix E.4 provides the supporting calculations. Figure 97 shows the results from
this analysis. There are only ten cases where a protective action can work for Tofino but these are all
cases in which HAZ_I is less extreme than the likely domain of onshore run-ups (see Section 6.3). By
comparison, there are forty-three cases in which Ucluelet residents have workable protective options. This
analysis suggests that Tofino may be neither evacuable nor shelterable for a CSZ event and that Ucluelet
may be evacuable but not shelterable. While this is a coarse analysis and not a recommendation, it may be
useful for the District of Tofino to perform a formal study that considers the value of locating vertical
havens within the hazard impact zone.

TSMM(min)

AssessmentforTofino
30 SHEL
25
20
15
Either
10
EVAC
5
0
7
9
11

AssessmentforUcluelet
SHEL

FAIL

13
15
HAZ_I(m)

17

FAIL

Either

19

21

7

9

EVAC

11

13
15
HAZ_I(m)

17

19

21

SHEL=Shelterisbetter,EVAC=Evacuationisbetter,Either=Bothcanwork,FAIL=NeitherhasN LOL <10people/km

Figure 97 - Assessment of Evacuability and Shelterability for Tofino and Ucluelet as a Function of HAZ_I
and TSMM
The macro-resolution analysis shows how life safety can be estimated using a quantitative
approach, how sensitivity to hazard intensity and community response can be assessed, how different
protective actions can be compared and selected, how mortality rates and magnitudes can be developed
and how visualizations can be used to show the possible influence of the independent variables on
outcomes.
While the macro-resolution example uses one cross-section for each community, there is no limit
to the number of cross-sections that can be developed and combined to provide a composite estimate of
CPS performance. While the cross-sections developed for the analysis are derived from government GIS
datasets, not all countries have national or regional geospatial mapping agencies. However, given that
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GPS receivers are now more affordable and work anywhere in the world it would be possible to develop
cross-sectional inventories for any community in the world via low-cost field surveys. This might provide
a useful first-order method of estimating life safety for these communities.
A limitation of the macro-resolution approach is that is does not consider specific structures, the
occupants of the structures, differential vulnerabilities or road congestion effects. It also cannot consider
the site-specific and time-varying properties of the hazard plume. The modelling of this type of hazard
detail is demonstrated for dam safety in Section 7.4.

6.9

Summary
This chapter explores how the Life Safety Measures and Systems Modelling Framework can be

used to develop a better understanding of the tsunami mitigation problem, to describe the possible preimpact and trans-impact actions that can be taken by the community using the MAPP and MACES
concepts and to estimate the life safety of the proposed measures. The Systems Modelling Framework is
used to develop a representation of the Great Tohoku Earthquake and Tsunami and the Fukushima
Nuclear Accident that shows some of the subsystems and interdependencies that could be modelled as
part of a forensic analysis of the event. This last example also shows how the Systems Modelling
Framework can be used to develop a general systems modelling architecture that provides a set of
placeholders which identify the more detailed system and subsystem models that must be developed.
A detailed set of applications of the Life Safety Methods are developed by considering the
exposures of Ucluelet and Tofino to a CSZ tsunami hazard. Three types of analysis are produced:
Benchmark, Mitigation and Life Safety. The primary focus of the work is the District of Ucluelet. A
tsunami wave propagation and onshore run-up model is developed for both communities using the
TsunamiCLAW numerical model (Section 6.3). A Benchmark analysis uses GIS and database methods to
characterize Ucluelet's population, building stock and transport infrastructure (Section 6.4). These data
are used to provide a qualitative assessment of vulnerable infrastructure, to estimate structural and
population exposures and to develop loss estimates assuming that the PAR do not take protective action.
A mitigation analysis (Section 6.5) estimates the effectiveness of the community evacuation plans
developed by Ucluelet's Emergency Planner. Additional mitigation estimates are examined for evacuation
to single and multi-havens in vehicles and on foot. The first mitigation assessment uses only the time of
arrival of people at the designated safe havens to characterize the effectiveness of each plan. The primary
result of this analysis is a recommendation for the PAR to evacuate to multiple safe havens on foot. A
limitation of the evacuation results is that they do not incorporate information about uncertainties in key
input variables such as hazard intensity and they cannot be used to assess the time-dependent reliability of

202

6 Application of CPS and Life Safety Concepts to Tsunami Preparedness
the response plan. The proposed Life Safety Measures provide an approach that addresses both of these
concerns.
Sections 6.6 to 6.8 explore the use of Life Safety Analysis to address these limitations. Three
examples are developed at the micro-, meso- and macro-resolutions. The first example (Section 6.6)
develops a micro-resolution analysis of a summer-day, pedestrian evacuation of Ucluelet to a single
haven. The movements of 5,265 people as 2,218 groups to the central haven are simulated. The specific
evacuation behaviours of eight people are extracted as spatio-temporal time series. These are then
analysed using a Design of Experiments that considers variations in HAZ_I, HAZ_T, CPS_P, PAR_S and
PAR_T. Variations in CPS_P are a function of HAZ_T and each person's behaviour. Fifty-four composite
scenarios are analysed and used to develop visualizations of Life Safety Performance. A threedimensional rendering of the response surface provides a representation of the estimates of FOK in the
[GT,GP] Life Safety Performance Space.
The second example (Section 6.7) develops a meso-resolution analysis that compares the
effectiveness of single haven and multi-haven evacuations for Ucluelet. This is conducted for the
summer-day, pedestrian scenarios. Life safety performance visualizations for the two scenarios at times t
= 0, 20, 40 and 60 minutes are developed and compared. The analysis supports the earlier conclusion to
consider multi-haven evacuations. The use of the methods to describe within-event variations in the Life
Safety Performance of the single haven evacuation for three different regions of the community is also
developed.
The third example (Section 6.8) is a comparative assessment of the evacuability and shelterability
of Tofino and Ucluelet using a macro-resolution life safety analysis. This is accomplished by developing
one representative evacuation route that acts as a general approximation of the geographic layout and
cross-sectional shape of each community. The route is selected such that it describes what could be the
worst-case scenarios for the people who are located at points most distant from the safe havens and that
might experience the most extreme values of HAZ_I. The results suggests that Ucluelet can be evacuable
and that Tofino may be neither evacuable nor shelterable for a CSZ-type event. The finding for Tofino
requires further investigation.
Each of the analyses in Sections 6.6 to 6.8 demonstrate how life safety can be estimated using
approaches that combine probabilistic, deterministic, geospatial, temporal and physical methods, how
sensitivity to variations in the primary input variables can be assessed, how different protective actions
can be compared and selected, how mortality rates and magnitudes can be developed and how Life Safety
visualizations can be developed to show the possible influence of these variables on outcomes.
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7

Application of CPS and Life Safety Concepts to Dam Safety
This chapter applies the Systems Modelling Framework and the Life Safety Measures concepts to

dam safety management. A profile of the problem space is provided in Appendix A.2. Four aspects are
explored here: 1) the application of the system modelling and life safety concepts to the dam safety
problem, 2) a qualitative analysis of the St. Francis Dam Failure using the Life Safety Performance Space,
3) a quantitative analysis of a hypothetical dam safety EAP using MCS and the Life Safety Performance
Space and 4) an analysis of the Malpasset Dam Failure using the Life Safety State Space.

7.1

Systems Analysis of the General Problem Using CPS and Life Safety Concepts
This section explores how the MAPP/MACES and systems modelling concepts can be applied to

dam safety. Stakeholder organizations that own and operate dams work to reduce the chance of failure
and associated consequences through the use of improved designs, inspections, maintenance, operations
and retrofits. Even with these efforts a residual risk can remain to the population, economy, infrastructure,
and environment. Dangers can be posed even if the structure does not fail. This last case can occur when
an extreme flood must be routed through the reservoir and dam facility and on to downstream
communities.
The general set of system-level functions that can be offered by a CPS are developed in Section
3.2. The applications of these functions to dam safety are shown in Table 34 and Figure 98. Each of the
mitigate, adapt, prepare and prevent functions are defined in the table. Figure 98 shows the primary
objects of interest: the reservoir catchment, the reservoir and dam facility, downstream areas, a protective
diking system and the community at risk. A number of mitigations are also shown. The CPS uses sensors
such as earth-orbiting and geostationary weather satellites, snow pillows and rainfall gauges,
seismographs, piezometers and weirs. The field sensors are connected to monitoring units that provide a
continuous data stream to the dam owner's Operations Centre (see Figure 50, Chapter 5). Structural
mitigations to the dam facility can also be performed. Local mitigations within the community include the
construction of dikes and the installation of warning sirens. If adaptation is required, a pre-impact task
could strengthen or heighten the dam or fund changes to land use within the community. Preventions act
directly on the technological and wilful sources of risk. Natural hazards such as extreme rainfall and
earthquakes are primary sources of risk but they cannot be prevented (only monitored and perhaps
controlled). Preparation activities form one the most important sets of pre-impact CPS functions.
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Table 34 - Examples of Pre-Impact MAPP Functions Provided by a CPS for Dam Safety
CPS Functions

Description

M Mitigate

This function lessens or limits the negative impacts of dam failure. Mitigations
include: legislation, codes, construction guidelines, inspection guidelines, and dam
facility EPPs, ERPs and EAPs. Community mitigations include: community EAPs
and local dikes. Mitigations that apply to both dam facilities and communities
include: establishing monitoring systems such as remote sensors and Data
Collection Platforms.

A Adapt

This function makes adjustments to the dam facility or the community in response
to actual or expected climatic changes or their effects. Dam facility adaptations
include major upgrades or replacements of structures or the decommissioning of a
structure that cannot handle the load. Community adaptation include: major
changes to zoning and changes in land use such as relocation and redevelopment.

P

Prevent

This function prevents dam failure through a proactive programme of inspections,
maintenance, upgrades, retrofits and even decommissioning if necessary.
Monitoring systems can help identify problems to allow for early interventions.

P

Prepare

This function prepares the dam owner and the community for a dam failure or
extreme flooding event. The preparation activities include: hazard and vulnerability
mapping, assessing community needs, estimating losses, planning for shelter or
evacuation, installing sirens, establishing evacuation routes, and developing public
service announcements, media materials, training materials, and information for
schools. Other stakeholders such as regulators can take part in these activities.
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Figure 98 - CPS Concept: MAPP Services for Dam Safety (Pre-Impact Phase)
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All of the work in the pre-impact phase establishes CPS functions that can operate in the transimpact phase (Table 35). A schematic of the MACES functions is provided in Figure 99. This uses the
same layout as Figure 98. The figure shows four examples of dam failure causes: extreme inflows and
overtopping, earthquake, piping and subsidence. The extreme inflows in this example are caused by a
major rainfall event combined with the rapid melting of a snow pack. These two events are monitored
using meteorological satellites and weather stations. The earthquake is a natural hazard that can be
detected and measured using seismographs. The piping and subsidence events are structural behaviours
that can be detected using dam instrumentation. These factors can work individually or in combination.
Table 35 - Examples of Trans-Impact MACES Functions Provided by a CPS for Dam Safety
CPS Functions
Monitor

Forecast

Diagnose

M

Decide
Estimate
Notify

Warn

A Abate

C Control

E

Evacuate

S

Shelter

Description
Monitor for signs of an event. This can be a long-term progressive failure via
piping or subsidence, a medium-term process such as major rainfall, or an
immediate event such as an earthquake (see dam safety example in Appendix B).
Forecast the behaviour of any aspects of the HAZ, CPS or PAR systems using:
weather forecasts, inflow forecasts and reservoir spilling operations. Forecasting
PAR system responses can provide the EOC with estimates of the times required
to complete protective actions.
Analyse the stream of data from the catchment, reservoir and dam to assess the
health and performance of the structure (Hartford and Baecher 2004). If this
function operates correctly then the Abate Hazard function may be able to halt
progression towards dam failure.
Decide which CPS functions to use. Decide whether to notify the community
EOCs
Estimate the plume propagation, impact extent, approach speed, arrival times
and hazard intensities.
If a hazard event is imminent, notify the community EOCs so that they can
activate their EAP and mobilize their first responders. This can occur for both
dam failures and for the routing of extreme floods.
If a hazard event is imminent, warn the community EOCs so that the community
and the PAR can begin taking protective action. This can occur for both dam
failures and the routing of extreme floods. The dam owner's Operations Centre
might also warn the PAR directly.
This function operates directly on the dam facility by stopping a progression
towards failure. If there is spare storage capacity within the reservoir this
function can impound a flood.
Hazard control at the dam facility includes the spilling of water to lower the
reservoir and protect the dam. Hazard control at the community uses a diking
system to deflect the floodwaters which allows it to pass through without
causing harm.
The PAR uses CPS CI/SI functions such as communications, social media and
transport services to move to external havens.
The PAR uses CPS CI/SI functions such as communications, social media and
transport services to move to internal havens.
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The CPS monitoring function develops a continuing stream of information about the dam, its
reservoir, the catchment, weather systems and seismic events. The CPS forecasting function uses these
data to predict future states of the HAZ and CPS systems. For the extreme inflow hazard, if the
floodwaters can be impounded within the reservoir then the CPS can abate the hazard without notifying
the community. If extreme inflows create the need to route the floodwaters through the dam facility, then
the Operations Centre notifies the community and the community activates its EOC. For cases where the
hazard cause is structural failure due to some combination of seismic, piping and subsidence events, the
CPS can similarly use a community notification and community warning protocol. In parallel with the
activities in the dam facility OC, the community EOC manages CPS activities within the hazard impact
zone. This includes activation of the warning sirens, mobilization of transport services to move the PAR
and management of the protective actions. Local structural mitigations such as dikes may also provide
some additional degree of protection. Figure 99 also shows the concept of the causal chains introduced in
Section 3.4 (Figure 26). The hazard chain shows the sequence of events that could lead to mortality
during a disaster event. The protection and response chains explicitly show what must go right during an
event in order to preserve life. This provides a basis for transforming the qualitative description of the
MACES services presented here into quantitative models that estimate Life Safety Performance.
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Figure 99 - CPS Concept: MACES Services for Dam Safety (Trans-Impact Phase)
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The Systems Modelling Framework provides a means for identifying and describing the different
systems and subsystems to be modelled and to think about how they can be analysed within a common
framework to estimate life safety. Two examples show how this might be done for dam safety: the routing
of a flood through a dam facility and dam failure emergency response.
The first example considers flood abatement using the dam facility. Figure 100 develops a
Systems Modelling Framework for the first example. Five elements are shown: ER is the extreme rainfall
event, CAT is the reservoir catchment, M is the Monitor and Decide function and Abatement is achieved
using the reservoir (RES) and dam (DAM). The layout of the figure follows the same structure as
Equation (9) in Section 3.4. The hazard systems are shown at top left, the CPS is in the middle and the
PAR system is at bottom right. The figure also shows the HAZ floodwaters and the flows of CPS
information, control and protection. The CPS uses its Monitor, Forecast and Decide functions to abate the
hazard. This means that there are no flows from the HAZ to the PAR system. There are also no flows of
information and protection from the CPS to the PAR because the flood can be handled by the CPS
without any requirement for protective actions by the PAR.
ER

HAZ

CAT

Data

HAZ
Flows

MFD: Monitor,
Forecast,
Decide

ER
CAT
MFD
A
RES
DAM

CPS

A:
Abate Hazard Using
Reservoir (RES) and
Dam( DAM)

KEY
= Extreme rainfall
= Catchment
= Monitor, Forecast, Decide
= Hazard Abatement
= Reservoir
= Dam

Flows of HAZ
Energy
CPS Information,
Control, Protection
PAR
No protective action

Figure 100 - Systems Framework Models of Extreme Flood Abatement Using a Dam and Reservoir
The mathematical version of the systems framework model is presented Figure 101. This shows
explicitly which coefficients or system submodels will be used to estimate the performance of the CPS.
Three HAZ submodels are shown in the figure: ER models the approaching extreme rainfall event,
ERtoCAT models the rainfall into the catchment and CAT models the flows within the catchment to the
reservoir. The movement of floodwaters and information from the HAZ system to the CPS are shown in
the three-by-three off-diagonal matrix just below the HAZ submodels. Three submodels are shown:
ERtoM and CATtoM describe the flow of information from the remote sensing and Data Collection
Platforms to the CPS Monitoring function and CATtoRES model the physical inflows.
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The CPS elements are modelled by the three-by-three submatrix in the middle of the figure. The
three subsystems in this model are MFD, RES and DAM. The MFD corresponds to the ongoing
monitoring and forecasting in the Operations Centre and the operational decision to impound the flood.
The off-diagonal elements model the interactions between the three CPS subsystems. MFDtoDAM
models the commands to close the spillway gates and outlets, REStoDAM models the increasing forces
on the structure as the reservoir fills, REStoM models feedback information such as the reservoir level
and DAMtoMFD models structural information from the piezometers and weirs. Together, these nine
elements in the CPS submatrix model the operational response by the dam operator to the flood event. As
noted above, the PAR system does not need to take protective action. This is shown as a zero in the PAR
system submatrix at the bottom right. Note as well that there are many other off-diagonal terms that are
also zero. This reflects the non-interactions identified in Figure 100.
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Figure 101 - Layout of the Systems State Matrices for Modelling Flood Abatement
The second example builds on the first by assuming that the incoming flood cannot be handled
using the reservoir and the flood exceeds the spillway capacity of the dam. This leads to an overtopping
event, the structural failure of the dam and the loss of control of the reservoir. Figure 102 shows the
Systems Modelling Framework for this case. There are a number of important differences between this
graphic and Figure 100: the dam and reservoir are now part of the HAZ system; the CPS uses its Monitor,
Diagnose, Decide, Warn, Evacuate and Shelter functions; the HAZ system has an effect on the PAR; the
PAR must take protective action; and the PAR makes demands on the CPS.
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Figure 102 - Systems Framework Models of a Dam Failure and Community Response
The mathematical version of the systems framework model is presented in Figure 103. Four
submatrices are highlighted. The top left submatrix is a four-by-four representation of the HAZ system
which now comprises the extreme rainfall, catchment, reservoir and dam. The on-diagonal terms model
each subsystem and the off-diagonal terms model their interactions. The lower right submatrix is a fourby-four representation of the CPS and PAR systems together. The on-diagonal terms model the MDDW,
E, S functions of the CPS and the PAR system. The off-diagonal terms represent their interactions. For
example, MDDWtoE and MDDWtoS represent the CPS control of the evacuate and shelter services, and
EtoPAR and StoPAR represent the delivery of these services to the PAR. PARtoE and PARtoS are the
demands of the PAR for these services. The top right matrix has only one non-zero entry,
MDDWtoDAM, which models the attempt by the CPS to operate the dam in a manner that avoids the
failure event. But this function is not successful and the dam fails. The bottom left matrix is a four-byfour representation of the interactions between the HAZ system and the CPS and PAR systems. Each of
the ERtoMDDW, CATtoMDDW, REStoMDDW and DAMtoMDDW terms are information flows that
represent the information made available to the Monitor, Diagnose, Decide and Warn function. The other
three terms, DAMtoE, DAMtoS and DAMtoPAR, represent the physical flows of the floodwaters down
the river valley and into the community.
This mathematical representation provides a number of important benefits. First, it requires clear
definitions of the systems. The boundaries and flows between the systems must be defined, and the
methods of modelling their properties and behaviours must be specified. The off-diagonal terms identify
the systems model interfaces that must be established. This matrix also explicitly identifies the causal
linkages from the hazard behaviours at top left, to the functions and interventions of the CPS in the
middle, and to the protective actions taken by the PAR. This now provides a causal, probabilistic and
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quantitative basis for estimating Life Safety Performance. The analysis of the Malpasset Dam Failure
presented in Section 7.4 follows this general Systems Modelling Framework.
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Figure 103 - Layout of the Systems State Matrices for Modelling Dam Failure and Emergency Response

7.2

Analysis of the St. Francis Dam Failure Using the Life Safety Performance Space
Section 7.1 has provided descriptions of how the life safety systems modelling and performance

assessment methods can be applied at the systems level. This section applies the Life Safety Performance
Space concept to a specific real-world case: the failure of the St. Francis Dam.
The St. Francis Dam was a concrete gravity-arch dam which impounded a large reservoir in the
San Francisquito Canyon, 50 km northwest of Los Angeles. It acted as a power generation site and as a
storage point on the Los Angeles Aqueduct System (Outland 2002; Petroski 2003). Figure 104 provides a
site map that shows the location of the dam and the surrounding region. At three minutes to midnight on
March 12, 1928, the dam failed catastrophically. The main part of the map shows the dam location at top
right and the downstream impact zone along the Santa Clara River Valley. The floodwaters moved south
and then westward down the Valley towards the Pacific Ocean, 54 miles away. The initial floodwaters
were estimated to be more than 125 feet high. By the time the flood arrived at Santa Paula, 42 miles
downstream, the waters were 25 feet deep. Many houses, bridges, orchards and sections of railway and
roads were destroyed. The estimated loss of life ranges between 420 and 600 people (Petroski 2003;
Rogers and Hasselman 2003).
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Figure 104 - Site of the St. Francis Dam and Downstream Communities (Basemap: Ryan et al. (2009))
Table 36 and Table 37 summarize key activities before and during the event. The failure was
detected quickly but some delays were encountered in confirming the event and in warning the
communities. For those living within the first 18 miles of the dam, warning and evacuation was not
possible. A rough breakpoint between "no warning" and "warning" can be placed at the Edison Camp,
where 84 of 150 sleeping workers were killed (Outland 2002). Many factors increased vulnerability and
losses. From the dam to the Edison Camp, the CPS offered no warning and little physical protection.
Contributing to the time shortfall was the delayed diagnosis and notification. A missed opportunity to
raise the alarm via telephone at the Edison Camp may have contributed to a high loss of life at that
location. Problems with risk perception were also observed. In one town, news of the oncoming flood
drew more than one hundred people to a local bridge in the hopes of seeing the flood pass by. They were
moved off the bridge by the police before the wave arrived and destroyed the structure.
Many factors also reduced losses. Communities downstream of the Edison Camp were
sufficiently distant to allow time for the event to be diagnosed and for notifications to reach key public
safety personnel. They in turn acted immediately to warn people up and down the valley. The power,
telephone and public safety organizations all had night staff either on station or on call and the towns
were connected via a redundant network of telephone lines. Once news of the failure had reached the
communities, staff disseminated the warnings quickly. The network of paved roads and bridges allowed
the police to move rapidly through the communities and neighbours helped to spread the word. There
were numerous examples of individual initiatives taken to save lives. The performance of the ad hoc CPS
for the St. Francis Dam event is notable because there was no dam safety or integrated EAP in place, the
community was generally not aware of the potential extent of the hazard impact zone or the severities, the
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community had to respond to warnings in the middle of the night, people did not know which locations
offered sufficient protection and parts of the valley experienced a power outage. The courage, creativity
and speed of response of the telephone operators and police officers was remarkable (Outland 2002).
Table 36 - Time of Key Hazard Events for the St. Francis Dam Failure (developed from Outland 2002).
©2011 - ASDSO. This table appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with
permission from ASDSO
Event
Catastrophic Dam
Failure
First Detection of
Failure

Date/Time
March 12, 1928
11:57:30 pm
12:00:00 am

Additional Indications of
Failure

12:02:30 am

Second Detection / First
Limited Warning Issued

12:40:00 am

Broader Warning Issued

1:15 am

Warning Dissemination

1:30 am+?

Direct Warnings by
Police

1:30 am

Use of Sirens

2:15 am

Comment
Indication of dam failure at Southern California Edison Company’s
Saugus substation: transmission line shorts out.
Phone call attempted from Powerhouse No. 1 to No. 2. Phone lines
dead.
Total blackout for Ventura County. LA. Powerhouse No. 1 calls Los
Angeles dispatcher to state problems building power on 110kv
transmission lines.
SoCal Edison Superintendent of Transmission finishes rapid drive
from LA to Saugus in time to see flood wave and damage. He
attempts to warn the Edison Camp.
SoCal Edison Dispatcher requests that a Pacific Long Distance
Operator call and warn Santa Paula Police Chief and other peace
officers in the Santa Clara valley.
Notification spreading. Telephone exchange operators in
downstream towns pass on warnings to peace officers, highway
patrolmen and customers in flood zone. Town fire halls now
spreading the warning.
Heroic effort to warn citizens in the Santa Paula area by patrolman
on motorcycle. Joined at 2:00 am by second officer. County Sheriffs
drive north to warn other communities.
Fire department joins warning effort. Use of auxiliary fire alarm in
Santa Clara.

Table 37 - Time and Location of Vulnerabilities, Warnings, Evacuations and Losses (from Outland 2002).
©2011 - ASDSO. This table appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with
permission from ASDSO
Distance
(miles)

Arrival
Time

1. Dam Tender’s House

0.25

12:01 am

2. Powerhouse No. 2

1.5

12:03 am

3. Ranches, Saugus

6.5

4. Castaic Junction

12.0

5. Edison Camp at Kemp

17.4

1:20 am
(82 min)

6. Filmore & Bardsdale

30.1

2:20 am

7. Santa Paula

42.0

3:05 am

8. Saticoy

49.0

4:05 am

9. Pacific Ocean

53.8

5:25 am

Key Vulnerabilities

12:35 am
(33 min)
12:50 am
(52 min)

Warning and Evacuation
Warning not possible without detection and diagnosis
before failure. Water depth 100’ to 140’.
Warning not possible without detection and diagnosis
before failure. Three survivors of at least thirty people at
risk. One rides a rooftop to safety.
Families and ranch-hands become self-aware. Some
survive.
Families and ranch-hands become self-aware. Some
survive.
84 of 150 workers in SoCal Edison tent city area killed. A
SoCal Superintendent attempted to warn them, but the
phone service was cut.
Warning started before wave arrived.
Warning started before wave arrived. Some people stand
on bridge and wait for flood.
Warning started before wave arrived.
Warning started before wave arrived. Trains and buses
held back from crossing bridges.
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Figure 105 presents a conceptual analysis of the Life Safety Performance provided by this CPS.
The sites directly below the dam had significant shortfalls in both available protection and time. People
located at sites further downstream were closer to safe havens but they did not receive the warning in
time. Sufficient time and protection was available for locations downstream of the Edison Camp at Kemp.
Based upon this assessment, it is possible to ask how loss of life might have been mitigated had a
detection and warning system been in place. A more effective warning system would shift the
performance curve to the right and up as shown via the second sequence of points. Losses at sites such as
the ranches and the Edison Camp might have been greatly reduced or eliminated; however, given the
dam's rapid failure mode there would probably still have been insufficient time to detect the hazard, and
then warn, mobilize and evacuate the people immediately downstream of the structure. This raises the
question as to whether people should have been working and living at those locations given the mode of
failure and the hazard arrival times.
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Figure 105 - Qualitative Assessment of the St. Francis CPS (circa 1928) and the Possible Value of
Improved Detection and Warning. ©2011 - ASDSO. This figure appeared in the Journal of Dam Safety
Issue 9.1 and is reprinted with permission from ASDSO
This example shows how each dam safety context can have unique aspects that make it
challenging to identify "what must go right" when responding to a rapid-onset dam failure. The St.
Francis event highlights the need to develop a clear understanding of the hazard, protection and response
chains, and the need to model the possible responses well before an actual event. This can help to ensure
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that there will be sufficient time to detect and confirm a progressing failure event and sufficient time for
the PAR to complete their protective actions.

7.3

Estimation of the Life Safety Performance of a Dam Safety EAP
The Life Safety Performance Measures and Life Safety Performance Space provide a quantitative

approach that can be used to estimate the performance of a dam safety EAP. This section develops an
example of this type of analysis using MCS. This example uses random variables to model the hazard
intensity within each zone and to model the people, structures and protective actions within those zones.
Figure 106 presents a hypothetical plan and cross-sectional view of a community facing a dam failure
risk. The EAP identifies three emergency planning zones that contain a number of buildings and people.
Each zone has evacuation routes that lead to Haven 1 and Haven 2. Zones B and C have direct access to a
haven, while people evacuating from Zone A must pass through Zone B. The cross-sectional view shows
the relative elevations of each zone and the haven locations. Three types of protective action can be
assessed: everyone evacuates, everyone shelters in place or combinations in which some evacuate and
some shelter-in-place.
Plan View of Community at Risk

Haven 1

Cross-Section View of Community at Risk

Haven 2
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Figure 106 - Plan and Cross-Section Views of Community at Risk. ©2011 - ASDSO. This figure
appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with permission from the Association of
State Dam Safety Officials
The Life Safety performance estimates for the EAP can be developed using Equations (26) and
(27) (Section 4.3.3). Random variables can be defined to characterize the hazard, the dam owner's
detection and decision times, the community's vulnerabilities and the times required for protective actions
within each zone. These are shown in Table 38. The distributions and parameters shown in the table are
hypothetical and are selected for the convenience of demonstrating the concepts. This analysis assumes
that the random variables are uncorrelated. The time and protection limit state functions for shelter-inplace within Zone A can be formulated as follows:
215

7 Application of CPS and Life Safety Concepts to Dam Safety

GT = HAZ _ T  > MD _ T  DW _ T  MOB _ T  SHEL _ T @

(64)

GP = > PAR _ S  BLDG _ P  ELA _ P @  HAZ _ I

(65)

where GT is a function of the hazard arrival time versus the dam owner's detection and decision times, and
the PAR's mobilization and sheltering times. The protection function GP is a function of the combined
strengths (i.e., heights plus elevation) of the PAR, the building and the local ground elevation versus the
flood height. The time and protection limit state functions for evacuating from Zone A to Haven 1 can be
formulated as follows:

GT = HAZ _ T  > MD _ T  DW _ T  MOB _ T  EVA _ T  EVB _ T @

(66)

GP = > PAR _ S  HAVEN _ P @  HAZ _ I

(67)

where the two limit state functions now reflect the time required to reach Haven 1 and the protection is a
function of the PAR heights and the elevation of the haven. Similar limit state equations can be developed
for sheltering and evacuation for Zones B and C.
Table 38 - Model Parameters Used for Analysis©2011 - ASDSO. This table appeared in the Journal of
Dam Safety Issue 9.1 and is reprinted with permission from ASDSO
Scope

Variable

VariableType

Description

FixedValueor
Distribution
Hazard
HAZ_I
Hazardintensity Maximumfloodheight
Uniform(8,10)
HAZ_T
Hazardtime
Hazardarrivaltime
Uniform(50,60)
DamOwner MD_T
CPStime
MonitoringandDiagnosisTime
Uniform(10,20)
DW_T
CPStime
DecisionmakingandWarningTime Uniform(10,20)
Vulnerability N_BLDG
Vulnerability
Numberofbuildingsperzone
100
N_FLOORS Vulnerability
Numberoffloorsperbuilding
2
N_PARU
Vulnerability
NumberofIndividualsperBuilding 5
PAR_S
PARstrength
Fragility:lossdepthforindividuals
1.5
Protection
BLDG_P
CPSprotection Heightofsecondfloor
Normal(2,4)
ELA_P
CPSprotection ElevationofZoneA
2
ELB_P
CPSprotection ElevationofZoneB
6
ELC_P
CPSprotection ElevationofZoneC
8
HAVEN_P CPSprotection ElevationofHaven1andHaven2
14
Evacuate/
MOB_T
PARtime
Mobilizationtime
Lognormal(2.0,0.4)
Shelter
SHEL_T
PARtime
Shelteringtime
Lognormal(2.0,0.6)
EVA_T
PARtime
EvacuationtimewithinZoneA
Lognormal(2.2,0.5)
EVB_T
PARtime
EvacuationtimewithinZoneB
Lognormal(2.1,0.4)
EVC_T
PARtime
EvacuationtimewithinZoneC
Lognormal(1.8,0.3)
Uniform(low,high),Lognormal(mu,sigma).Unitsofparametersareshowninrighthandcolumn.

Units
meters
minutes
minutes
minutes
buildings
floors
PARU/bldg
meters
meters
meters
meters
meters
meters
minutes
minutes
minutes
minutes
minutes

Figure 107 presents the results of one realization of the random variables for a community of
1500 people (500 in each zone) in which 20% of the population in each evacuation zone shelter-in-place
and 80% of the population evacuate. Figure 107a shows the estimated Life Safety Performance Space for
this population. The outcomes for the people who started in Zone A are shown as red circles, in Zone B as
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green squares and Zone C as blue triangles. Figure 107b and c show the estimated marginal distributions
for GT and GP, respectively, for Zones A, B, and C. For the 80% of the population who evacuate, they all
realize the same level of protection since they all reach the same elevation at Havens 1 and 2. For the 20%
who shelter-in-place, the protection they receive varies by the ground elevation of the structure that they
shelter in or the ground elevation if they are caught on route to the distant haven. The variations along the
GT axis shows the variation in time margins. Figure 107 is an analytical example of the theoretical plot
presented in Section 4.3.5 (Figure 42).
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Figure 107 - Life Safety Performance Analysis (Evacuate = 80%, Shelter = 20%): a) Life Safety
Performance Plot, b) GT Marginal Distribution, c) GP Marginal Distribution. ©2011 - ASDSO. This
figure appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with permission from ASDSO
Figure 107a shows that the people in Zone C are offered the best protection within their own zone
and the shortest times to the nearby safe haven. They generally end up in the top right survival quadrant.
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By comparison, the people in Zone A experience the greatest shortfalls in time and protection and so they
end up either in the bottom left or bottom right loss quadrants. This is because they start at the lowest
elevations closest to the river, their internal havens are at the lowest elevations and they must pass
through Zone B to reach an external haven. No one ends up in the top left survival quadrant. This is
because any person who is caught out of doors would be lost in any of the three zones. The influence of
time sufficiency is shown in Figure 107b. People from Zones B and C generally have a time surplus to
complete their protective actions, but a large subset of people from Zone A have a time shortfall if they
attempt to evacuate. This creates a quandary for people in Zone A. They do not always have sufficient
time to evacuate and shelter-in-place is not effective. The influence of protection sufficiency is shown in
Figure 107c. People from all three zones realize the same protection surplus of 20 metres if they reach an
external haven, but it is only the people in Zone C who have sufficient protection if they shelter-in-place.
The people who shelter in Zone A have a significant protection shortfall. The people who shelter in Zone
B have a protection shortfall that is just enough to lead to loss rather than survival for most of them.
Given that the people in Zone A might experience the greatest challenge in having sufficient time
to evacuate, it would be useful to assess how the combined actions of the dam owner and the community
affect outcomes. By treating the total time required by the dam owner to monitor, detect, diagnose, and
decide to notify as the random variable CPS_T = MD_T + DW_T, the total time required by the
community at risk to mobilize and complete its protective action as the random variable PAR_T =
MOB_T + EVA_T + EVA_B and by using the estimated minimum and maximum times for the hazard to
arrive as constraints of 50 and 60 minutes (see Table 38) it is possible to evaluate the range of values of
GT for which loss and survival are expected to occur. These are shown as the solid and dashed lines in
Figure 108, for the minimum and maximum times of hazard arrival, respectively. If the sum of CPS_T
and PAR_T is less than 50 minutes, there could be sufficient time to evacuate Zone A. If the sum is
greater than 60 minutes then there is a protection shortfall and the evacuation is not successful.
The results of an MCS for 500 realizations of the Life Safety Performance for one person
evacuating from Zone A are plotted in the figure. Figure 108a plots all 500 outcomes with losses shown
as red circles and survival as green circles. Because the outcomes overlap in the "loss or survival" band,
Figure 108b plots just the loss outcomes and Figure 108c plots just the survival outcomes. For outcomes
that fall within the middle band, the person can be caught and lost if the hazard arrives quickly enough.
The only way to ensure for the person to survive is for the sum of PAR_T and CPS_T to be less than 50
minutes.
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Figure 108 - Analysis of Evacuation Performance for Zone A: a) Full Plot of Loss and Survival
Outcomes: b) Plot of Loss Outcomes, c) Plot of Survival Outcomes. ©2011 - ASDSO. Part a) of the
figure appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with permission from the
Association of State Dam Safety Officials
This analysis provides a basis for considering stakeholder requirements and pre-impact
emergency planning trade-offs as shown in Figure 109. The figure displays the full time space with
possible outcomes shown as red, yellow and green regions. The boundaries of the region are specified by
Table 38. If the dam owner and community could each be given target performance windows for their
trans-impact response, how much time would they ask for? Possible preferences are shown in the figure.
The dam owner might seek to maximize its own time allocation to allow maximum time to confirm that
the dam is failing. This may require inspections of the structure itself. This may also help reduce the
chance of a false alarm. But given that the minimum required time for the community to mobilize and
evacuate is ten minutes, the maximum time that the dam owner can ask for is forty minutes. This leaves
the community only ten to twenty minutes to complete its protective actions before losses are guaranteed.
Using this same logic, the community will want to maximize its time to mobilize and evacuate, but it can
only ask for thirty minutes because the dam owner needs a minimum of twenty minutes time. This leaves
the dam owner only twenty to thirty minutes to complete its tasks before losses are guaranteed. Either
stakeholder preference would put the CPS system performance on the edge of the "Loss or Survival"
domain. It would be preferable if the performance target was placed some distance back from the
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boundary in the middle of the green "Survival" triangle. A possible compromise is shown in which the
dam owner is allocated twenty-five minutes and the community is allocated fifteen minutes. This would
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Figure 109 - Pre-Impact Trade-Offs for Dam Safety Emergency Planning for Evacuation from Zone A
Given that this analysis only assesses evacuations from Zone A, additional work needs to be
undertaken to assess CPS performance for all three zones under different combinations of protective
actions. In addition, this analysis only assesses the successful (or "yes") branches of the CPS protection
and community response chains (e.g., see Figure 27, Section 3.4). The behaviours of the CPS and PAR
systems under the remaining combinations of "yes" and "no" branches must also be assessed in order to
develop a complete performance estimate. For example, the CPS Monitor function might not gather the
data required to identify one of the failure modes and the CPS Diagnose function might incorrectly
conclude that a hazard is not progressing. The examples presented here only assess the successful
operation of the CPS combined with a correct response by the PAR.
The two examples developed here demonstrate how a probabilistic, quantitative approach can be
used to estimate the Life Safety Performance of a CPS for dam safety. The hazard, protection and
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response chains are modelled using the time and protection limit state equations and uncertainties in the
properties of each of the random variables are incorporated into the analysis. The uncertainties associated
with other branches of the hazard, protection and response chains are not assessed.
An important result from Figure 107 is that the performance distributions for each zone cannot be
easily summarized using first and second moment methods. This suggests that the Safety Margin and
FOSM Methods should be used with care. The second analysis demonstrates how trade offs between the
needs of the dam owner and the community can be placed into an objective space that provide a basis for
assessing the influence of different response plans on the performance of the CPS.
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7.4
7.4.1

Life Safety State Space Analysis of the Malpasset Dam Failure
Background
The last example in this chapter demonstrates the application of the Life Safety State Space

concept to dam safety. This is developed using a micro-resolution forensic model of the Malpasset Dam
Failure. The Malpasset Dam was built in the early 1950's as part of a post-war irrigation scheme in the
French Riviera in order to store of water for farms and orchards in the Reyran River valley, the Town of
Fréjus, and local military bases (Donat 2004; Foucou 1960). The structure was a concrete double-arch
dam, 66.5 m high and 223 m wide along its crest that spanned a narrow gorge (Figure 110). Construction
began in April 1952 and was completed in 1954. The maximum impoundment was 22 x 106 m3 (DEFRA
2011). The two downstream communities primarily at risk were the Village of Bozon and the Town of
Fréjus. Bozon was established in the late 1780's as coal a mining town. It was sited 1.5 km from the dam.
Fréjus is an ancient settlement built by Roman engineers as a base for Julius Caesar's navy. Fréjus is sited
10 km from the dam. The town sits on a promontory overlooking the surrounding Reyran Valley and the
Mediterranean Sea. This high ground offered defensive potential and protected the townspeople from
extreme seasonal floods. This land use decision was a key factor in reducing loss of life twenty centuries
later.
After many days of heavy winter rains, the Malpasset Reservoir approached full pool for the first
time in late November of 1959. The achievement of the first fill is a tense period for new dams because it
is also a moment of potential failure. While overtopping of this type of dam was not a concern it was
decided to relieve the pressure. The dam operator opened the low-level outlet at 6:00 p.m. to lower the
reservoir. At 9:14 p.m. on December 2, 1959 the dam failed catastrophically without warning. The initial
flood wave is estimated to have been 40 m deep and moving at more than 70 km/hr. As the citizens
located in the hazard impact zone prepared for bed or watched television, a devastating flood wave
progressed down the Reyran River Valley towards the Mediterranean Sea. After half an hour, the flood
wave had travelled south down the Reyran Valley to Fréjus. Along this pathway the flood devastated a
highway construction camp, the Village of Bozon, military bases, small villages, farms and orchards.
Although various fatality numbers are provided by different sources, the official toll was 423 fatalities
(Caro 1979; Donat 2004; Mairie de Frejus 1960). Unofficial reports suggest the mortality may have been
at least 550 people (Johnstone et al. 2003). This is considered to be one of the great disasters of the
modern French Republic (Provence Beyond 2002).
In the time period from 2001 to 2005, a detailed forensic analysis of this event was developed as
part of a process to validate the BC Hydro Life Safety Model (LSM). The general capabilities of the LSM
are described by Johnstone and Sakamoto (2004). Johnstone et al. (2003) and Johnstone (2005) explain
the forensic process that was followed to develop the GIS and flood wave hydraulic model datasets that
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describe the initial conditions and systems behaviours during this event. Appendix D.1 provides a
description of the LSM simulator, Appendix D.2 lists the primary sources used to develop the datasets.
7.4.2

Simulation of Benchmark and Mitigation Scenarios
The first analysis develops emergency response scenarios that investigate the value of warning

the communities in the Reyran River valley so that they can evacuate. During the actual event in 1959 the
dam did not exhibit obvious outward signs of an impending failure. However, for the analysis here it is
assumed that it was possible for the CPS to have detected the failure and to have warned the community
either at the exact same time as the failure or within some period of time after the failure. The full CPS
protection chain (i.e., Monitor, Diagnose, Decide, Warn) and the mobilization time of the PAR response
chain, are combined into a single control parameter:

TSMM

CPS _ TMDDW  PAR _ TMOB

(68)

where CPS_TMDDW is the time required by the CPS to monitor, diagnose, decide and warn the community,
PAR_TMOB is the PAR mobilization time and TSMM is the sum of these two times.
The time required to move to designated safe havens is determined using the LSM simulator.
Four scenarios are developed. Scenario 1 is a benchmark scenario which assumes no detection of the
failure and no warning of the downstream community. This is similar to the actual event of December
1959. Three additional mitigation scenarios are developed using TSMM as an input variable that can be
varied to represent how quickly the warning is issued and how quickly the population responds. The
scenarios assume that detection, decision, warning and mobilization either occur immediately (Scenario
2A, TSMM = 0), within fifteen minutes of failure (Scenario 2B, TSMM = 15) or within thirty minutes of
failure (Scenario 2C, TSMM = 30). The evacuating PAR all wait the designated time TSMM and then they all
depart their structures at the same time and move on foot at 5 km/hr towards their designated external safe
havens. The evacuation response of the PAR are modelled using the LSM simulator. Appendix F provides
an example of the input files used to describe each scenario, the buildings and safe havens, the road
network and the evacuating population. An example of an output file that summarizes the final end states
of the structures, individuals and groups is also provided. In addition to these ASCII text files, time-series
files of the spatio-temporal locations and status of these objects are also produced by the model. The Life
Safety Performance data are extracted from those time-series files.
Figure 110 shows a snapshot from the Scenario 2B simulation at time t = 12 minutes after dam
failure. It shows the geographic context of the analysis including: the topography, dam site and reservoir,
downstream valley, the transportation network, structures, the Town of Fréjus and Mediterranean Sea.
Buildings are shown as open black squares and external safe havens are shown as open orange squares.
These can be seen throughout the zone from north to south on either side of the Reyran River Valley.
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Individual people shown as filled circles. The status of each person is shown using black for unaware,
yellow for aware or evacuating, orange for toppled by the wave, green for safe at haven and red for loss of
life. The progressing flood is shown as flow depths in shades of blue. The legend along the right-hand
side shows the corresponding flow depths in metres. By the time t = 12 minutes the flood has progressed
south along the narrow upper part of the Reyran Valley through the Town of Bozon, and is now moving
into the lower and wider part of the Reyran Valley. While the population at risk will be fully warned and
mobilized in another three minutes, losses have already occurred in Bozon and further down the valley.
These are indicated by the red squares for the loss of structures and red circles for the loss of people who
have been caught outdoors.
Figure 111 shows further developments of Scenario 2B at twenty-one minutes after dam failure.
The PAR are warned and mobilized at t = 15 minutes so they have now been moving for six minutes.
Lines of evacuees in the southern portion of the zone are shown as filled yellow circles (status = 2). They
can be seen moving in long lines towards the external havens. When a person reaches a haven, their status
changes to safe (status = 3) and their colour changes to a filled green circle. The flood is now approaching
the northern boundary of the Town of Fréjus where significant loss of life occurred during the actual
event.
Figure 112 shows a time snapshot for Scenario 2B thirty-three minutes after dam failure. This
graphic uses a larger scale (smaller area) to focus on events around the Town of Fréjus. Two additional
pieces of information have been added: the state of each structure and the physical intensity of the flood
hazard. The state of each structure is shown as green for standing and red for structural failure. The
intensity of the flood hazard is presented as Depth-times-Velocity vectors shown as orange to red arrows.
The physical units are metres squared per second (m2/s). The Depth-times-Velocity vectors provide a
sense of the spatial extent of the flood wave's damage potential. A single contour for Depth-timesVelocity = 5 m2/sec has been added to the figure. Any structure, vehicle or person whose capacity is less
than the 5 m2/sec demand of the flood wave will be lost within the zone defined by this contour by time t
= 33 minutes. Figure 112 therefore shows a snapshot of the complex spatio-temporal variations of the
hazard, the spatio-temporal protective actions taken by the PAR and the interactions between the HAZ,
CPS and PAR system objects.
By this point in time, many structures have been lost as indicated by the red squares and many
groups and individuals have been lost at those locations. The evacuation is also still in progress as
indicated by the yellow lines formed by the people who have yet to reach their designated safe havens.
The figure includes a case in the middle that shows people caught while on route to their external haven
and lost (indicated by the red circles on the road segment).
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Figure 110 - Progressing Flood Malpasset Flood Wave: Scenario 2B at 12 min After Failure
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Figure 111 - Hypothetical Evacuation for Malpasset Dam Failure: Scenario 2B at 21 min After Failure
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Figure 112 - Hypothetical Evacuation for Malpasset Dam Failure: Scenario 2B at 33 min After Failure
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The results from the simulations are summarized in Table 39. The estimated structural losses are
210 out of 886 structures (24% of the structures). The building loss outcomes are the same for all four
scenarios as the same input flood wave and structural response parameters are used for each simulation.
The benchmark mortality estimate is 538 lost out of 2,814 people or 19% of the PAR. The
outcomes for the three emergency response scenarios are notable. The mortality outcome for immediate
notification and mobilization (Scenario 2A) is lower than the benchmark scenario by 53%. This indicates
that immediate evacuation might have cut the event mortality by approximately one half. The CPS
performance for a fifteen-minute delay (Scenario 2B) is only lower than the benchmark estimate by 22%.
This suggests that delays in this case could greatly reduce the value of warning the population. By the
time the delay reaches thirty minutes (Scenario 2C) the event mortality is higher than the benchmark by
137%. In other words, having the people evacuate very late in the event may make the total mortality
worse than if people shelter unaware in their homes.
Table 39 - Assessment of Mitigation Scenarios for the Failure of Malpasset Dam
Scenario
2A
2C
2B
Immediate
30-Min Delay
15-min Delay
(TSMM = 30)
(TSMM = 15)
Warning
(TSMM = 0)
NBLDG
886
886
886
886
NLOB
210
210
210
210
FLOB
24%
24%
24%
24%
NPARU
2,814
2,814
2,814
2,814
NOK
2,276
2,544
2,378
1,514
NLOL
538
252
422
1,274
Status Not Known
0
18
14
26
FOK1
80%
90%
84%
54%
FLOL
19%
9%
15%
45%
% Difference vs. Scenario 1
-53%
-22%
+137%
Note: 1. FOK and FLOL will not add up to 100% since the outcomes for the last 1% are not known.
Life Safety Measures

1
Benchmark

Because the simulation tool tracks the time and location of each mortality event it is possible to
develop a time-dependent rendering of NLOL(t). This is shown in Figure 113 for the four scenarios. The
horizontal axis is time after dam failure in minutes and the vertical axis is cumulative mortality (NLOL(t)).
All four of the response curves exhibit similar mortality outcomes for the first fifteen minutes. This is
because each curve reflects losses in the Town of Bozon and a nearby highway construction camp located
just below the dam site. The estimated mortality within the first fifteen minutes ranges between 104 and
152 people. This is a large proportion of the overall mortality and suggests that immediate warning cannot
reduce losses just downstream of the dam. To eliminate losses in this zone, the warning and mobilization
would have to occur sometime before structural failure.
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The analysis suggests that an immediate warning and a fifteen delay in warning (Scenarios 2A
and 2B) are superior to no warning (Scenario 1), and that no warning is superior to a thirty minute delay
(Scenario 2C). This suggests the non-intuitive result that no warning (i.e., shelter-in-place) may be
superior to some late warnings. Is it better to ride out the flood in a strong structure or to take the chance
of getting caught out in the open by the flood while on the way to a distant haven? This trade-off may
become more viable for locations further downstream of the hazard source.
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Bifurcation inNLOL(t)
neart=30minutes
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500
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Figure 113 - Plot of Time-Dependent Mortality for the Given Scenarios
A limitation of Figure 113 is that it only shows NLOL(t) and not NOK(t). This is an important gap
because the survival process for those who live further downstream is somewhat independent of the loss
process for those who live close to the dam. This can be addressed by plotting the loss and survival
behaviours in the Life Safety State Space (see Sections 4.3.6 and 5.9). Figure 114 presents the estimated
behaviour lines for the four scenarios in the Life Safety Performance Space. Each of the PAR System
Behaviour Lines start at the origin and approach the Life Safety Outcomes Line when t | 60 to 90
minutes after dam failure. Pairs of [NLOL,NOK] values are plotted at the end points of the behaviour lines.
These PAR system end states correspond to the values listed in Table 39.
The PAR System Behaviour Line for immediate warning (Scenario 2A) shows that a large
number of the PAR have sufficient time to gain access to their target havens. This line has the steepest
ascent towards the performance target (i.e., [NLOL(90), NOK(90)] = [0, 2,814]). By comparison, the PAR
Behaviour line for Scenario 2C shows that mortality events dominate the outcomes for the early portion
of the timeline and that survival events only begin to occur much later on.
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Figure 114 - Life Safety State Space Analysis of Possible Responses to the Malpasset Dam Failure
7.4.3

Estimation of CPS Performance as a Function of Control Parameter TSMM
The second example builds on the first by further exploring the influence of the controlling

parameter TSMM on mortality and survival outcomes. The analysis in Section 7.4.2 uses three-minute
spacings for the first fifteen minutes and then switches to fifteen-minute spacings out to ninety minutes. A
second set of twenty-two simulations are developed here using two-minute spacings between TSMM = 0
minutes and forty-four minutes. The results are shown in Figure 115. The Life Safety Performance target
is at top left, the worst possible overall performance is at bottom right and the range of outcomes along
the Life Safety Outcomes Line between those two points is shown. The behaviour lines each present PAR
system behaviours between t = 0 and t = 90 minutes after dam failure. The estimated outcomes range
from NLOL = 252 to 1,544. Similar to Figure 114, the twenty-two Behaviour Lines generally move to the
right and then upwards towards the Life Safety Outcomes Line. Less intermediate detail is shown because
the primary interest here is the final set of outcomes.
Figure 115 clearly shows that the life safety outcomes do not change linearly for each step
increase in TSMM. There appear to be two groups of outcomes, one near the most extreme losses and one
near the least extreme losses. This is easier to visualize using Figure 116 which plots NLOL(t) as a function
of TSMM. The outcomes for the four scenarios from the first example (Scenarios 1, 2A, 2B, 2C) are also
indicated. The plot shows the bifurcation from Figure 113 in more detail. This suggests that evacuation
with TSMM < 20 minutes dominates shelter-in-place, and that shelter-in-place dominates evacuation for
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TSMM > 20 minutes (approximately). Note that none of the options reduces NLOL to zero. It may only be
possible to achieve this by evacuating the community before the dam fails.
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Figure 115 - Life Safety State Space with TSMM as a Control Parameter
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Figure 116 - Event Mortality versus Control Parameter TSMM
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Important gaps in the assumptions for the three evacuation scenarios are that all of the PAR are
notified instantaneously, all of them mobilize immediately, they move on foot to avoid traffic congestion
and they can all move at 5 km/hr. These assumptions are unlikely for an actual event. Many of the
households in Fréjus in 1959 were families with many young children, aging parents and undocumented
farm labourers. Many people were at home asleep when the dam failed. This analysis also did not
consider the influence of Time of Day on the location of the PAR within the impact zone. Had the event
occurred during the day instead of at night, many of the victims would have been located in the valley
working in the fields and orchards (Donat 2004; Foucou 2002).
Another gap is the feasibility of immediate warning. It would have been necessary for the dam
tender to remain onsite all day and every day, and this person would have to immediately notify the
gendarme in the Town of Fréjus to raise the general alarm. But the dam operator and his wife and child
lived a few kilometres downstream from the dam and they were only just able to save themselves when
they heard the dam break by running uphill. The dam destroyed transformers that supplied power to the
town and the phone lines were cut early on in the event (Johnstone 2005; Johnstone et al. 2003). It also
would have been infeasible for the gendarme to have raised the alarm in the valley where most of the
mortality occurred. A future analysis could explore negative values of TSMM, i.e., the warning is issued
pre-emptively before dam failure. It would be useful to know the timing when event mortality approaches
zero for different combinations of social time.
If this analysis had been performed during the feasibility stage for the Malpasset Dam in the early
1950's, would the review committee have approved the proposed double-arch design over the more
expensive but perhaps safer gravity and embankment dam alternatives? If the arch design had been the
only feasible alternative for that location, the analysis presented here suggests that the life safety of the
citizens in the Town of Bozon could not be assured and relocation of the town would have to be
considered. The final alternative would be to abandon the idea of building a dam at that location.

7.5

Summary and Discussion
This chapter applies the Life Safety and Systems Modelling Framework concepts to dam safety

management. Five aspects are explored. The first analysis provides specific interpretations of how the
MAPP/MACES concepts can be used in general terms to describe the services provided by a dam safety
CPS. It also develops a useful schematic that shows the sequence of events that can lead to mortality
during a dam failure and what must go right during an event in order to protect the PAR. The second
analysis shows how the qualitative MAPP/MACES descriptions can be transformed into a framework of
quantitative systems models and submodels that estimate Life Safety Performance. This general systems
modelling architecture that provides placeholders which identify the more detailed system and subsystem
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models that are required. The third discussion shows how the historic St. Francis Dam Failure can be
analysed and characterized using the life safety concepts. The fourth analysis demonstrates how life
safety can be estimated for emergencies with multiple evacuation zones and protective actions. An MCS
is used to develop Life Safety Performance plots and estimates of the marginal distributions for GT and
GP. These are used to develop a better understanding of the influence of the time-based actions by the
dam owner and the community at risk on life safety. The example also explores how the two primary
stakeholders might use the Life Safety methods to discuss trade-offs in the allocation of the limited
available response time.
The fifth and final analysis explores the question of whether a modern-day CPS and EAP could
have reduced or eliminated mortality outcomes for the Malpasset Dam failure. The results suggest that
that even if a full-functional CPS and EAP had been in place in December 1959, mortality could have
been reduced by almost 50% but not eliminated and the residual mortality would still be catastrophic. The
analysis also suggests that if the CPS and PAR systems took too long to respond, the mortality outcomes
could have been even worse than the observed outcomes.
The evacuation simulations also exhibited a non-linear bifurcation in PAR system responses as a
function of the controlling parameter TSMM. This non-linear sensitivity to linear modifications in the
controlling parameters has also been observed in chaotic and Highly-Optimized Tolerance (HOT)
systems. HOT systems are robust to deviations that they encounter frequently but are highly fragile to
design flaws and unexpected perturbations (Carlson and Doyle 1999; Carlson and Doyle 2000). Given
that many CPS and PAR systems in the real world are comprised of complex networks and highly
optimized subsystems, they may also be highly sensitive to perturbations and interdependent failures (Bak
1996; Bak and Paczuski 1995; Carlson and Doyle 1999; Carlson and Doyle 2000; Englehardt 2002;
Newman et al. 2005; Newman 2011; Sornette 2006; Woo 1999; Woo 2011). If it can be established that
certain HAZ-CPS-PAR combinations are also scale-invariant HOT systems this could have significant
implications for risk and emergency management because it would imply that non-linear (or power law)
loss behaviours could be expected from some of these systems under the right initial conditions
(Pisarenko and Rodkin 2010; Sornette 2006; Sornette 2009; Taleb 2010).
It would also be possible to develop pairwise [GT , GP] values for each person from the timeseries datasets. These could be used to develop Life Safety Performance Plots. These would be similar to
the examples developed in Section 6.7 (e.g., Figure 91).
This Chapter has also shown how the response capabilities and resources of the dam owner and
communities can be modelled within a single framework, how timeline, geographic, organizational and
communications aspects can be considered, and how uncertainties can be incorporated into the life safety
estimation process.
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Summary, Contributions and Future Directions
Many communities face threats posed by natural, technological and wilful hazard events and

some of these events have the potential to produce catastrophic mortality outcomes. The hazard subtypes
of interest in this dissertation are ROHI hazard events such as dam failures, tsunami, flash floods,
volcanic lahar, wildland interface fires and industrial accidents. ROHI hazards pose a special challenge
because they can form and propagate quickly, and they can arrive before communities can fully mobilize
and respond. The extreme intensities of ROHI hazards can produce extensive environmental,
infrastructural, economic and human losses. It can take years and sometimes decades for a community to
recover.
An important subset of ROHI hazards are technological failures. Many societies establish
regulatory processes to ensure the safe operation of their critical infrastructures. They invest significant
funds to mitigate risk and they require the facility owners to establish response plans and supporting
resources that are expected to reduce or eliminate the potential consequences. The communities at risk
expect that the involuntary residual risks posed by the technological facilities can be handled by these
protective systems in the trans-impact phase. This dissertation addresses two important questions
associated with the management of risks posed by ROHI hazards: what must go right during a hazard
event in order to protect life? and how do you know your plan will work?
This dissertation takes a systems approach that views the problem in terms of the behaviours and
interactions of three systems: the HAZ, CPS and PAR systems. The HAZ system is assumed here to be a
progressing plume of energy and materials that affect the community at risk. The PAR comprises the
Population at Risk that form an important subset of a broad range of community, economic, infrastructure
and ecological vulnerabilities. The CPS is proposed as a concept to facilitate the identification and
analysis of the full suite of protective functions and services offered to the PAR. These functions can be
modelled in an integrated manner in order to estimate life safety. The complex within-system and
between-systems interactions can be influenced by geographic, physical, informational and cybernetic
interdependencies. Emergent systems behaviours and non-linear systems responses can contribute to
extreme loss outcomes.
Given these challenges, there is a need to develop methods to assess the possible performance of
CPS under ROHI hazard conditions. It is not possible use empirical observations of historic ROHI hazard
events in order to develop regression-based models that estimate future performance of CPS. This is
because each HAZ-CPS-PAR context has its own site-specific economic, societal, technical and
geographic aspects that require individual study. It is also generally not possible to use full-scale tests to
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confirm that a CPS can successfully protect a community; therefore, synthetic CPS performance data
must be developed using analytical and simulation-based methods.
This dissertation focuses on two aspects of the problem space: the development of an integrated
Systems Modelling Framework that guides the analysis, modelling and simulation of the HAZ, CPS and
PAR systems, and the development of Life Safety Measures for a CPS. The Systems Modelling
Framework establishes the basis for estimating the Life Safety Measures. It considers logical systems
analyses, first-principles physical chemical and biological models, lab-based experiments, community
exercises, analytical and simulation-based methods and historical data. While not all of these elements are
employed in each case, it is important to acknowledge that it is generally not possible to only use one or
two methods in isolation to develop credible estimates of CPS performance. The measures are formulated
using reliability-based limit-state equations that assess the sufficiency of time and the sufficiency of
protection offered to the PAR. These in turn are functions of the properties and estimated behaviours of
each of the systems.

8.1

Contributions
The contributions of the dissertation are: characterization of the problem space, development of

the Systems Modelling Framework, formulation of the Life Safety Measures and application of the
methods to tsunami emergency preparedness and dam safety risk management.
8.1.1

Characterization of the Problem Space
This dissertation combines multiple hazard types into a common ROHI hazard problem space.

Although each hazard type has unique aspects, the ROHI approach provides a basis for sharing concepts,
expertise and methods between practitioners who focus on their own hazard sub-domains. As an example
of this cross-over, risk analysis methods from dam safety are applied to the problem of tsunami
emergency preparedness in Chapter 6.
The decision to divide the problem space into three equally important systems - i.e., the HAZ,
CPS and PAR systems - is only one of a number of possible ways to subdivide the scope of analysis;
however, a primary intent of this approach is to place people and their communities on an equal footing
with the HAZ and CPS systems in the models and formulations. This helps to ensure that the estimates
fully consider the direct impacts of the HAZ system on people and it also highlights the responsibilities of
the PAR in contributing to their own life safety.
The dissertation develops a synthesis of the general processes followed by stakeholders for risk
management, asset management, emergency management and disaster management. This builds on work
by other researchers and complements and supports the efforts by NRC (2006) to integrate hazards
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research and disaster research. Each stakeholder process provides useful perspectives and methods that
can complement the others. The value of the synthesis developed here is that it can help clarify
terminology, identify overlaps and gaps between the processes, inform the development of the system
functions models and clarify the temporal boundaries of the disaster phases. The last issue is particularly
important for involuntary technological hazards.
The problem space characterization re-states the conventional risk and emergency management
questions (Section 2.4.6). The key questions are 4b and 5: "what must go right during an event" and "how
do you know it will work." The answer to Question 4b cannot simply be the negation of "what went
wrong" because the hazard event has now begun and the stakeholders must address the residual risk in
real time. Question 4a asks for specificity and clarity in the descriptions of the key activities and pivotal
events that can occur in the trans-impact phase. Question 5 asks for a safety case that includes a
reliability-based estimate of CPS performance with a proper accounting for uncertainties.
8.1.2

Development of the Systems Modelling Framework
A Systems Modelling Framework is developed that combines systems analytic, probabilistic,

causal, quantitative, reliability and time-dependent methods for estimating CPS performance. Wellknown, time-dependent system state and system control concepts are applied to the HAZ-CPS-PAR
modelling problem without modification. A number of application examples are developed to
demonstrate how the life safety estimation problem can be described and analysed using these methods.
The strength of this approach is that the primary systems, subsystems and components of each of the
HAZ-CPS-PAR systems can be modelled more explicitly, and the flows of energy, materials, information
and control within and between these systems can also be identified. The systems state matrices also
provide a basis for identifying the possible scope of new analytic and simulation models and for
integrating existing models.
The probabilistic and causal elements of the Systems Modelling Framework employ an approach
originally developed to address commercial flight and space mission safety. The existing approach is used
here with two minor changes. The first extends the approach to use three EAS diagrams instead of one,
with one EAS diagram describing the possible behaviours of each of the HAZ, CPS and PAR systems.
This provides a mechanism for modelling the internal behaviours of each system and the interactions
between the systems. The second extension is the recommendation to use the full capability of the
original time-dependent event-activity sequence formulation developed by Swaminathan and Smidts
(1999a; 1999b). This allows the activity durations to be modelled so that the time-dependent aspects of
CPS performance can be estimated. A number of examples are developed here to demonstrate the
application of the systems modelling methods. This includes development of systems framework
diagrams, systems state matrices, EAS diagrams and triplets of the HAZ, CPS and PAR scenario chains.
236

8 Summary, Contributions and Future Directions
The MAPP-MACES functions model describes the primary functions of a CPS in the pre- and
trans-impact disaster phases. While basic functional models for the HAZ and PAR systems are also
developed, these should be viewed as early prototypes. The examples developed here show how the
functions model can be used to develop combinatorial sets of MACES alternatives and to develop fullyconnected event-activity protection chains for the full time span of the trans-impact phase. The
importance of this approach is that it can be used to develop unbroken hazard, protection and response
chains from the beginning to the end of the trans-impact phase. This goes directly to the question of what
must go right during an event. The MAPP-MACES model is only one of a number of functional models
that could be developed. Even if practitioners choose not to use this model, the underlying event-activity
sequence method still provides a useful basis for describing any functional model that can be developed.
Without this type of approach, it is not possible to claim that a CPS performance estimate correctly
accounts for the causal sequence of key events that contribute to the loss and survival of the PAR during a
disaster.
An important strength of the Systems Modelling Framework is that it is transparent and can be
falsified. If the MACES functional model is too limited or if the trans-impact scenario chains are not
correct then alternate models can be proposed and implemented using the same general principles.
The Systems Modelling Framework can guide the development and application of the systems
models in a number of ways. A more literal interpretation would require analysts to define state variables
and to assign coefficients for the SA, SB, SC, SD, SO and SE matrices. Another interpretation views the
Framework as an architecture that uses the matrices and submatrices as placeholders that guide the
integration of existing models and the development of new models.
8.1.3

Formulation of the Life Safety Measures
A general Life Safety MOE equation is developed to assess CPS Life Safety Performance. The

MOE is a probabilistic estimate of the loss or survival of each person. The general MOE equation can be
a function of an unlimited number of MOPs and each MOP can use any functional form. Two specific
Life Safety MOPs are developed here based upon a survey of methods and models from a number of
different hazard contexts. It is recommended that the MOPs should assess the sufficiency of time and the
sufficiency of protection offered to individuals located in the hazard impact zone.
Two reliability-based limit state equations (GT and GP) are developed. Both are functions of three
random variables that describe properties of the HAZ, CPS and PAR systems. The six random variables
describe the temporal and physical/biological/chemical properties, interactions and emergent behaviours
of the three systems. The intent of the PAR system is to incorporate individual, place, social, economic
and other aspects of human vulnerability and exposure. Further decompositions of each system can be
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accomplished through the use of Dimensional Parameters that describe more detailed properties of each
system.
The detailed spatio-temporal behaviours and interactions of the HAZ, CPS and PAR systems can
be modelled using this formulation and visualized using cross-sectional models and a Life Safety
Performance Space defined by [GT,GP]. The Journey Line concept provides a mechanism for explicitly
describing the individual experiences of each person within the hazard exposure zone. The Life Safety
Performance estimates can be plotted in the Life Safety Performance Space and used to develop estimates
of NLOL, NOK, FLOL and FOK. A number of different methods for using this space to develop the MOE
estimates are described. An important strength of this formulation is that it can show the relationships
between time, protection and the loss/survival outcomes for each person.
The life safety formulation can be used to explore time-dependent CPS reliability at multiple
levels of detail. This can be undertaken for individuals and it can also be used to develop generalized
time-dependent loss and survival curves for a population. The outcomes can be represented using statespace visualizations of NLOL(t) and NOK(t). These plots provide a useful method for communicating to
stakeholders what might happen during an event. This method also provides a basis for explaining how
different time-dependent aspects of CPS and PAR responses might influence outcomes and it can be used
to investigate the sensitivity of the outcomes to controlling variables.
Similar to the Systems Modelling Framework, a fundamental strength of the two limit state
equations, the six input variables, the Journey Lines, the Life Safety Performance Space and the Life
Safety State Space is that they are falsifiable. This means that the methods are transparent and the
underlying assumptions and loss mechanisms can be challenged. This is generally not a property of the
regression-based methods that are used in some problem domains to estimate disaster mortality.
8.1.4

Application of the Measures and Framework to Tsunami Preparedness and Dam Safety
Two chapters explore the application of the Systems Modelling Framework and Life Safety

Measures to the problem of preparing communities for tsunami hazard, and for extreme flooding and dam
failure. In Chapter 6, a general analysis demonstrates how the MAPP, MACES and systems modelling
concepts can be applied to the tsunami problem space. A qualitative analysis of the Great Tohoku
Earthquake, Tsunami and Nuclear Accident provides a sense of the possible complexities that can be
faced when attempting to model interdependent and cascading hazards and community responses. The
detailed application examples focus on the CSZ tsunami hazard and possible responses by communities
on Vancouver Island. The tsunami hazard is characterized using a simulation-based method and
benchmark and mitigation estimates are developed for Ucluelet. Micro- and meso-resolution analyses
demonstrate how individual and societal Life Safety Measures can be estimated. Detailed methods to
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extract performance data from the time-series outputs of an evacuation simulation model are developed
and demonstrated. The micro-resolution analysis estimates the impacts on a subsample of the PAR for a
range of initial conditions. This produces a response surface for Life Safety performance and
demonstrates the sensitivity of CPS performance to the six random variables in the two limit state
equations. The meso-resolution example develops detailed examples of Life Safety Performance Space
plots. The macro-resolution example shows how the evacuability and shelterability of Tofino and
Ucluelet can be assessed and compared. The macro-resolution analysis provides additional support for the
results of the mitigation analysis for Ucluelet, but it also identifies the need to further investigate whether
Tofino is evacuable or shelterable.
The results and recommended protective actions for Ucluelet were presented at a community
open house attended by the Mayor, the Emergency Planner, PEP-BC, first responders, volunteers and
local citizens (CBC 2009). This fostered detailed discussions about site-specific vulnerabilities and
potential losses within each hazard impact zone and emphasized the importance of taking immediate
protective action during an actual event. While a similar benchmark and mitigation analysis was not
developed for Tofino, the tsunami model was presented at a local open house in cooperation with PEPBC to raise community awareness of the possible arrival times and extents of the hazard impact zone. The
communities of Ucluelet, Tofino and Port Alberni used this information to develop a tsunami
preparedness brochure that can be distributed to local citizens and tourists. Tsunami signs which indicate
evacuation routes and safe havens are now installed in the two Districts and the National Park.
In Chapter 7, a general analysis demonstrates how the MAPP, MACES and systems modelling
concepts can be applied to the dam safety problem space. The analysis views dams from two
perspectives: as a source of protection for communities and as a potential source of hazard. A qualitative
analysis of the St. Francis Dam Failure shows how the methods can be used to characterize historic events
and to consider possible mitigations. A hypothetical example shows how the combined decision and
mobilization times of the dam owner and the community at risk can affect loss and survival outcomes. An
important result from this example is that it demonstrates how a quantitative performance framework can
be used to express stakeholder preferences, trade-offs and possible influences on CPS performance. The
analysis of the Malpasset Dam Failure investigates the sensitivity of CPS performance to the composite
random variable TSMM which represents all of the CPS activities required to monitor, detect, diagnose and
warn the population, and for the population to mobilize. This analysis produces the non-intuitive result
that evacuation does not always dominate sheltering-in-place for the domain of TSMM that was
investigated. This demonstrates the importance of hazard characterization and outcome analysis at the
site-specific, micro-resolution level of analysis.
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The proposed Life Safety methods have been presented to the dam safety community in Canada
and the United States at professional conferences and the research is published as an invited paper in the
ASDSO Journal of Dam Safety (Johnstone and Lence 2011; Lence et al. 2009).

8.2

Recommendations for Future Research
While this dissertation has explored the problem of estimating the Life Safety Performance of

CPS for ROHI hazards, the scope of the research is so extensive that a number of issues are left for future
developments in both theory and application.
The MAPP/MACES model is a preliminary high-level function-activity model that was
developed to provide a means of demonstrating the EAS diagram and triplet-chains concepts. Future work
needs to consider more detailed functional breakdowns and must introduce the notion of multiple parallel
system activities rather than just single chains. For example, the CPS can engage the hazard and manage
an evacuation as parallel activities. Both the HAZ and PAR activity-event models are preliminary and
need to be extended. It is expected that different HAZ models could be developed for each hazard type
and that different PAR models could be developed for different societies and for different subgroups
within a population (e.g., evacuation of a hospital will differ from evacuation of a business district).
Only the primary "what has to go right" chains of the EAS diagrams have been explored in this
dissertation. The non-performance (i.e., the "no") pathways defined by the pivotal events are important
bifurcation points that must also be characterized and modelled. Methods for estimating the probabilities
at each of these nodes must be resolved so that complete estimates of CPS performance can be developed.
The Systems Modelling Framework provides a set of placeholders which identify the more
detailed system and subsystem models that must be developed. It could be used to facilitate research into
emerging issues such as how to incorporate social science factors, how to model critical infrastructure
interdependencies and how to model complex multi-hazard scenarios such as cascading failures.
The initial system states of the HAZ, CPS and PAR systems at the end of the pre-impact phase
may not be stationary. For example: the maximum credible magnitude of a hazard source might increase
over time as a result of regional or global processes; the properties of CPS components such as the health
of defensive structures can decline over time; and a community can increase in size over a number of
decades which may in turn increase both the size of the population at risk and the potential losses. Since
these states are used to develop the initial conditions for the trans-impact models (see Figure 26, Section
3.4 and Figure 32, Section 4.2), it would be useful to investigate the sensitivity of the Life Safety
Measures to longer-term changes in the properties of the three performance modelling systems.
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Each of the tsunami and dam safety application examples demonstrate the MES (i.e., MonitorEvacuate-Shelter) functions of the CPS but not the AC (i.e., Abate, Control) functions. There is a need to
explore these other combinations. An example could be developed for the case in which a CPS combines
dam operations with a diking system. A local example in British Columbia is the Daisy Lake Dam and the
downstream community of Squamish. The possible hazard initiating events include extreme rainfall,
landslide, internal erosion and a seismic event. Further investigations of problem domains with cascades
of multiple dams, more complex geographies and larger communities could also be explored.
The current research has focused on the use of the proposed methods in the pre-impact disaster
phase to support the development of risk controls and emergency response plans. It would be useful to
explore how the methods might also be used to inform earlier stakeholder activities in the pre-impact
phase such risk assessment and later activities in the trans-/post-impact phases such as service restoration
and post-disaster forensic studies (see Figure 22, Section 3.2).
While the comparative assessment of the evacuability and shelterability of Tofino and Ucluelet
only briefly explores how the proposed methods could be used to assess and rank the safety of
communities in the face of a common hazard, these methods provide a framework that could be used to
contextualize risk and disaster management more generally and to inform decision-making at national
policy and regional operations levels.
The Life Safety Measures are formulated in as general a manner as possible with an intent to
apply them to a wide variety of problem domains. Future applications of the methods could be explored
for urban-wildland interface fire, volcanic lahar, tornado, hurricane, dike failure, building fire, tunnel fire,
aircraft evacuation and ship evacuation. There may also be value in investigating how these methods
could be used to support post-earthquake urban search and rescue operations, which are also timedependent CPS services.
The influences of sociological factors such as risk perception, social status, access to resources
and levels of preparedness to life safety outcomes were not explored here. It would be valuable to review
the systems modelling, life safety, CPS and PAR concepts in the context of social science research to
identify gaps and opportunities for improvements in the methods.
Only very limited forensic data from historic disaster events are available and much of these data
only describe the consequences of past events in the most general of terms. The approach proposed in this
dissertation could provide guidance for the gathering of more detailed site-specific event datasets and for
the investigation of the factors that may have contributed to those outcomes. This approach could also
guide forensic analyses of past events which in turn might provide additional insights to inform future
mitigation, preparation, response and recovery activities.
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The proposed Systems Modelling Framework and Life Safety Measures could provide a basis for
developing computer-based models, simulators and games that could be used to train stakeholders who
must take part in pre-, trans- and post-impact activities. Aldrich (2009) discusses serious games which
can be developed for non-entertainment purposes such as staff training, risk analysis, decision-making
and operational skills development. Agrait (2004) surveys one hundred computer-based models,
simulators and gaming products to support a growing demand for domestic preparedness training. An
example of this approach is the web-based disaster simulation game StopDisasters!, which was developed
by the UNISDR (2010) to teach children how communities can mitigate, plan and prepare for
earthquakes, floods, hurricanes and tsunami. It would be useful to explore how the Life Safety Measures
developed in this dissertation could be combined with an immersive serious game in order to raise the
awareness of senior decision-makers, to show what could happen during an actual disaster event and to
explore the relative merits of proposed mitigation alternatives.
Most of the available life safety analysis and simulation models currently do not estimate the Life
Safety Measures as formulated in this dissertation (see Appendix C). The examples developed and
demonstrated in Chapters 6 and 7 point towards possible future enhancements to models of this class.
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A.1

Tsunami Hazard Events
Tsunami is a highly destructive ROHI hazard that can produce significant mortality for

communities along the shorelines of water bodies such as lakes, inlets, fjords, bays and oceans. Smith and
Petley (2009) describe tsunami as "(t)he most distinctive secondary earthquake-related hazard." The
primary mechanisms for physical damage are hydrodynamic, hydrostatic and debris effects on people,
infrastructure and natural features. The primary mechanisms for physical damage are hydrodynamic,
hydrostatic and debris effects on people, infrastructure and natural features. A tsunami propagating across
an ocean can have wavelengths of hundreds of kilometres long, amplitude of less than a metre, and a
group velocity of hundreds of kilometres per hour. Shallow waters will slow a tsunami and increase its
height. An onshore tsunami wave can reach run-up heights of more than 30 m.
Tsunami can be generated by landslides, earthquakes, volcanoes, bolides (large meteors), and
explosions (Abbott 2008; Clague et al. 2003). Many tsunami can arrive quickly and cause significant
losses within one or two hours after initiation. Table 40 provides examples of notable tsunami hazard
events. Significant events can be identified going back at least 4,000 years. The earliest example shown is
a tsunami caused by the eruption of Thera Volcano which may have produced a tsunami that destroyed
the Minoan Civilization. Many examples are shown for the Indonesian arc of islands. Japan is also a
country that is particularly vulnerable to tsunami (Abe 1995; Atwater et al. 2005; Murata et al. 2010):
examples 5, 6, and 17 all affected roughly the same shoreline extent of North-East Honshu.
Many sources can be found that address tsunami hazard characterization, community
vulnerabilities, possible mitigation strategies and development of response plans at the national,
state/regional and local scales for the United States (Gonzalez et al. 2007; Gonzalez et al. 2001; Gonzalez
et al. 2005; NHTMP 2001; NRC 2011; Oregon DOGAMI 2001; Oregon DOGAMI 2008; Wood 2009;
Wood 2007; Wood and Soulard 2008), New Zealand (Berryman 2005; Webb 2005), Australia (Australian
BOM 2008; Cairns City Council 2007; Grundy 2007), Canada (Anderson and Gow 2004; Clague et al.
2003), Greece (Dominey-Howes 1998; Papathoma et al. 2003), and Europe (Tinti 2006). Importantly, it is
also possible to find many post-event surveys and studies of tsunami impacts on communities, structures
and people (Abe 1995; Balk et al. 2005; Bernard et al. 2006; Borrero et al. 2006; Fritz et al. 2006; Goff et
al. 2006; Koshimura et al. 2006b; Shimamoto et al. 1995; Synolakis and Bernard 2006; Synolakis and
Okal 2005).

272

Appendix A - Profiles of Tsunami and Dam Failure ROHI Hazards
Table 40 - Examples of Tsunami Hazard Events That Informed the Research
Event Name1
Possible Fall of Minoan Civilization:
Thera Volcano (Santorini) eruption and
tsunami (Antonopolous 1992; DomineyHowes 1998)
Great Lisbon Earthquake and Tsunami
(Abbott 2008)
Mount Unzen (Abbott 2008)
Krakatau Eruption and Tsunami
(Winchester 2003)
Meiji Sanriku (Abbott 2008)2
Showa Sanriku (Abbott 2008)2
Flores Island
Okushiri Tsunami
East Java
Irian Jaya
Papua New Guinea
Peru
Great Sumatra-Andaman Earthquake and
Tsunami
South Java
Solomon Islands
Samoa Tsunami
Great Tohoku Earthquake and Tsunami

A.2

Location
Crete, Greece

Month/Year
circa 1700BC
to 1500BC

Run-Up
Height
30 m

NLOL
NA1

Lisbon, Portugal

Nov 1755

10 m

30,000

Nagasaki Prefecture,
Japan
Sunda Straits,
Indonesia
NE Honshu, Japan
NE Honshu, Japan
Indonesia
Okushiri Island, Japan
East Java, Indonesia
Biak Island, Indonesia
NW Coast of PNG
Southern Peru
Indonesia, Thailand,
Sri Lanka, India,
Indian Ocean
South Java, Indonesia
Solomon Islands
Samoa and American
Samoa
NE Honshu, Japan

May 1792

10 m

> 14,000

Aug 1883

10-40 m

35,000

Jun 1896
Mar 1933
Dec 1992
Jul 1993
Jun 1994
Feb 1996
Jul 1998
Jun 2001
Dec 2004

29 m
20 m
7m
31 m
9m
7.7 m
15 m
8m
5-30 m

27,000
3,000
2,080
330
223
108
2,182
96
240,000

Jul 2006
Apr 2007
Sep 2009

12 m
12 m
10-14 m

798
50
192

Mar 2011

10-39 m

18,915

Dam Failure Hazard Events
Dam failures can produce ROHI hazard events across a very broad range of types, from small

water supply and irrigation dams above small hamlets of ten or twenty homes, to very large structures that
impound reservoirs that stretch hundreds of kilometres. The possible failure of diking and levee systems
is also a fundamentally important concern. Table 41 presents examples of previous dam and dike/levee
events. These demonstrate the very long history of dam failures in regions throughout the world and the
possibility for dam failures to cause extreme mortality outcomes. These events are reviewed by Johnstone
(2012b).
Figure 117 provides examples of dam failure mortality. It plots the logarithm of event mortality
versus log rank order for 129 dam failures from a survey of ROHI hazard mortality datasets developed by
Johnstone (2012b). The dam failures are grouped by the global region: the Americas, Europe, the Middle
East and Africa (EMEA) and Asia. The event that dominates all others is a single "outbreak" event when
which more than sixty dams, including the Shimantan and Banqiao Dams, failed during a typhoon and
major rainfall in Henan Province in China in 1975.
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Table 41 - Examples of Dam Failures and Incidents That Informed the Research
Event Name

Location

Month/Year

Evacuated
PAR1
NA2
NA
NA
NA
0
NA

NLOL

Sadd el-Kafara Dam Failure
Near Cairo, Egypt
2650BC
NA
Bilberry Dam Failure
Holme River, UK
Feb 1852
81
Dale Dyke Dam Failure
Sheffield, UK
Mar 1864
244
St. Francis Dam Failure
California, USA
Mar 1928
420 to 600
Malpasset Dam Failure
Fréjus, France
Dec 1959
451 to 550
Shimantan and Banqiao Dam
Hunan Province,
Aug 1975
26,000 to
Failures: Reported mortality
China
85,600 to
varies widely.
230,000
Taum Sauk Dam Failure
Missouri, USA
Dec 2005
0
0
Ka Loko Dam Failure
Hawaii, USA
Mar 2006
0
7
Ulley Reservoir Incident
Rotherham, UK
Jun 2007
1,000
0
Situ Gintung Dam Failure
Cirendeu, Indonesia
Mar 2009
0
100
Testalinden Dam Failure
Oliver, BC, Canada
Jun 2010
< 25
0
Notes: 1. "Evacuated PAR" means a progressing hazard event was detected and a systematic evacuation was
attempted by the authorities. 2. NA = Not available, not known.

100

Log(Rank Order)

Americas
EMEA
Asia

10

1
1

10

100

1,000

10,000

100,000

Log (NLOL)

Figure 117 - Worldwide Mortality for Dam and Dike/Levee Failures (1900-2009)
Many stakeholder organizations worldwide have taken lead roles to foster the study of historical
dam failure events, to develop a better understanding of the performance of dams and the consequences of
failure and to develop methods that address the risk exposures faced by thousands of communities
worldwide. Examples of the stakeholder organizations that are working on this problem include ICOLD
(2010), ANCOLD (2000; 2003), CDA (2007), DEFRA (2006; 2009; 2011), ASDSO (2006; 2008),
FEMA (2003; 2004a; 2004b; 2006; 2008c), USSD (2010), USBR (1996a; 1996b; 2002; 2003a; 2003b;
2009; 2011), USACE (2010a; 2010b), FERC (2007; 2011), CEATI (Hartford and Baecher 2004) and
many other state and provincial regulatory agencies.
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The following examples demonstrate the CPS concept. This material is from Johnstone and Lence
(2010; 2011).
Tsunami - Indian Ocean, December 2004: The Indian Ocean earthquake and tsunami occurred on
December 26, 2004 and caused a loss of life greater than 230,000 people (NOAA 2008). An ad hoc CPS
saved lives through the use of local oral histories that recalled a previous tsunami which devastated a
small village on the north-western portion of Simeulue Island in Indonesia’s Aceh Province. Once the
earthquake occurred, the villagers had less than 8 minutes to move to high ground before a wave 10-15m
above sea level arrived to destroy the community. Based on local knowledge, the entire population of
approximately 800 people were able to self-mobilize and evacuate with no loss of life (McAdoo et al.
2006). By comparison, a nearby coastal area lost 50% of its population of 10,000 people. During the same
event, an eleven year old English schoolgirl who was on holiday with her family in Phuket, Thailand is
credited with saving approximately one hundred lives. She observed the ocean receding, correctly
inferred that a tsunami was approaching and was able to warn and mobilize people in her area before the
tsunami arrived (Gregg et al. 2006; UNISDR 2005). This highlights the importance of community
education, preparedness and local individual actions.
Tsunami - West Coast of North America: Communities in the United States and Canada along the
West Coast of North America face tsunami hazards posed by a number of far-field and near-field sources,
with the most significant being the Cascadia Subduction Zone (USGS 2006). Figure 118 is a
representation of the West Coast Tsunami Warning System, a CPS designed to reduce risk to Pacific
Ocean tsunami. Three subsystems are shown. The first is a monitoring and warning system established by
NOAA, which uses a network of seismic sensors, tide gauges and Deep-ocean Assessment and Reporting
of Tsunamis (DART) detection stations (NOAA 2009; USGAO 2006). Data from this network are
monitored by warning centers located in Alaska and Hawaii. These centers receive and process data to
decide if a tsunami has actually been generated, forecast the size and arrival times of the expected waves,
and issue notifications or warnings to communities. Subsystem 2 is a network of federal, state/provincial,
and local government agencies responsible for getting the tsunami warning to the public (PEP BC 2008).
Subsystem 3 encompasses the response of hundreds of communities. National and state/provincial
governments provide assistance with the development of tsunami mitigation and emergency preparedness
plans with some communities being more "tsunami ready" than others (Jonientz-Trisler et al. 2005; State
of California 2005; Tang et al. 2008). Tests of the notification system from the warning centres to the
various jurisdictions are performed on a monthly basis (NOAA 2009) and some states (notably Oregon
and Hawaii) require schools and other public institutions in tsunami inundation areas to conduct tsunami
drills at least once a year (USGAO 2006).
275

Appendix B - Examples of CPS

Tsunami CPS for Pacific Coastline of North America

Tsunami
Hazard

375 seismic
channels
400 tide gauges
44 DART buoys

Subsystem 1:
Monitor, Diagnosis,
Notification System

Subsystem 2:
Warning
System

NOAA – West Coast
& Alaska Tsunami
Warning Center
(Palmer, AK)

Alaska

NOAA – Pacific
Tsunami Warning
Center
(Hawaii – Backup)

Subsystem 3:
Community
Response
Federal Agencies,
Media & Others

British
Columbia

PEP-BC

Washington

Consult

Oregon
California

Tofino

DFO/CHS

Ucluelet
Port
Alberni
etc.

BC Provincial Emergency Notification System (PENS)
Media types: interactive voice response (IVR) system,
telephone, pager, f ax, email, amateur radio

Figure 118 - Pacific West Coast Tsunami Warning System (Johnstone and Lence 2011). ©2011 ASDSO. This article appeared in the Journal of Dam Safety Issue 9.1 and is reprinted with permission
from the Association of State Dam Safety Officials
Volcanic Lahar - Mt. Rainier / Washington State: Lahars are landslides or mudflows of volcanic
material that travel rapidly down the flanks of a volcano. In Washington State, a CPS has been established
to mitigate the hazard posed by the Mt. Rainier Volcano (Driedger and Scott 2008). Approximately
80,000 people live in the lahar hazard zones. A CPS has been established by a number of agencies
including the US Geological Survey, the Washington State Emergency Management Division, the
University of Washington's Pacific Northwest Seismic Network, and the county and communities in the
hazard zones. A Pierce County EAP provides a comprehensive description of actions for monitoring,
notification, evacuation and sheltering (Pierce County EMD 2008). A local school district with five
schools in the expected lahar's path houses over 4,000 students during the day. Because school buses are
stored at a single distant location during the day, if a sudden event occurs the EAP requires that the
students walk to higher ground before the lahar arrives. Four-wheel drive vehicles will be used to
evacuate disabled students (Tucker 2003).
Dam Safety CPS - Silver Creek Dam, Silverton, Oregon: The Silver Creek Dam is located
approximately two miles upstream of the downtown of the City of Silverton, Oregon. A dam break study
completed in 2000 concluded that "the results of any breach of Silver Creek Dam would be catastrophic."
The estimated time to arrival in downtown Silverton is within 15 minutes of a breach failure, with the
potential for significant loss of life (Philip Williams & Associates 2000). The study recommended the
installation of an early warning system at the dam. A Failure Modes Analysis identified three modes:
seepage failure under normal conditions, failure following an earthquake and failure under flooding
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conditions (2003). The detailed system design includes a response plan, detection system, notification
system and evacuation plan. The detection system at the dam site is comprised of instruments (reservoir
level, strong motion seismic, piezometric levels and seepage flows) connected to control units that collect
data and assess the readings every 15 minutes. If a measurement is found to be out of compliance then the
system initiates a call to city personnel. Logged data can be viewed at a station at the dam site and
remotely at city offices. The notification system comprises an outdoor network of four sirens, personal
notification information for people with disabilities or who need assistance, notification flowcharts and an
EAP. The capabilities of the local city police and fire services are also utilized.
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Appendix C. Identification of the Life Safety Measures of Performance
Appendix C supports the formulation of the Life Safety MOE for CPSs by identifying Measures
of Performance (MOPs). The measures are identified through two reviews of methods and models
developed to estimate the loss and survival of populations at risk. The first review considers approaches
developed for flood hazard loss estimation, and the second considers models developed for a broader set
of problem domains including hurricanes, building and tunnel fires, ship evacuations and chemical plant
accidents.
C.1

Survey of Models and Methods for Flood Loss Estimation
A number of flood loss estimation methods and models have been developed over the last 25

years. These models include the: UK Department for Environment, Food and Rural Affairs method
(DEFRA 2003), USBR or “Graham” method (Graham 1999), BC Hydro Life Safety Model, LSM
(Johnstone et al. 2005), HAZards United States (HAZUS) from the US Federal Emergency Management
Agency (FEMA 1999b; Joyce and Scott 2005), LifeSim (Aboelata and Bowles 2005), TU Delft method
(Asselman and Jonkman 2003), and tsunami evacuation model developed by Katada et al. (2004). A
comparison of these models is provided in Table 42. Each modelling aspect is discussed in turn.
Purpose: The first column lists model characteristics that were assessed, and the remaining
columns denote whether the model incorporates this capability in an explicit or implicit manner, or does
not appear to provide that capability.5 The primary purpose of these models is to support risk assessment
by providing estimates of human and structural losses. Most estimate the direct losses in terms of human
fatalities and some also assess economic impacts. Some of these models were also developed to support
evacuation planning by modelling protective actions such as evacuation and sheltering-in-place. To
develop these estimates, the models generally incorporate a characterization of the population at risk and
flood scenarios, a drowning relation, an evacuation relation, and sometimes a sheltering relation.
Event Types: The event types considered by these models include dam failures, riverine and
coastal dike/levee failures, storm surges, and tsunami.
Types of Objects: In addition to the flood hazard and local topography, a model may explicitly or
implicitly include objects at risk such as people, buildings, vehicles, and roads. For example, an explicit
representation of the building stock would include the geographic location and descriptive attributes of
each individual structure, whereas an implicit approach could define broad classes of building types for an
area and use estimates or direct counts of the quantities of each type of structure. A model might also
5

Some of these models such as HAZUS and the LSM were developed for a more general set of hazards,

but their application to flood loss estimation was only considered in this assessment.
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entirely ignore the role played by structures and the transportation network in determining loss and
survival outcomes. More abstract objects such as the warning system, the means of communicating with
the population at risk, and the establishment of evacuation routes to safe havens might also be
represented.
Table 42 - Assessment of Selected Flood Loss Estimation Methods (from Johnstone and Lence 2009).
©2009 Blackwell Publishing. Used with permission.

Purpose
Loss Estimation
Fatalities
Economic
Community Response
Evacuation
Shelter-in-place
Event Type
Dam
Dike / Levee
Tsunami
Storm Surge
Types of Objects
Person
Group
Building
Vehicle
Transport System
Warning System
Safe Haven
Modeling Approach
Empirical
Physical
Time-Dependent
Geography
Spatial Resolution
Macro
Meso
Micro
Flood Wave Hydraulics
Severity-scale
Physics-based
Depth
Flow Velocity
Momentum
Kinetic Energy
Rate of Rise
Debris

DEFRA
Method

USBR
Graham
Method

FEMA
HAZUS

S

S

S
S

U

S

S
S

S
S

Model
TU Delft

BC Hydro
Life
Safety
Model

LifeSim

Tsunami
Model
(Japan)

S
S

S

S

S

S

S
S

S
S

S

S
S
S
S

S
S

S
S
S
S
S
S
S

U
U
U
U
S
S
S

S
S
S
S
S
S
S

S
S
S
S

S

S

S
S

S
S

S

S
S

S

S
S

U

U

U

U

U

U

U

U

U

S
U

S

S

S

S
S

U

U

S

S

S

S

S

S

U

U

S
S

U
S

S
S
S
S

S
S
S
S

S
S

S

S =Explicit.U =Implicit.

Modelling Approach: To estimate flood impacts, evacuation behaviours, and loss or survival
outcomes, a model can take an empirical or physical-mechanistic approach (or both) (Figure 119). For
example, an empirical submodel that estimates flood fatalities of pedestrians caught in an open area could
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develop a loss relation based upon observations from previous flood disasters. Factors in such a model
might include gender and age. A physics-based approach would attempt to model the person-flood
interactions more directly, using individual measures such as height, weight, and buoyancy to estimate the
stability of the person in the floodwaters. More advanced models might incorporate additional cultural
and demographic factors such as ethnicity, language, social status and access to resources (Doocy et al.
2007; Tierney et al. 2001). “Time-dependence” means that the properties of objects such as the flood
wave physics and the evacuating population can vary during a flood scenario. Time in some models is
only represented in a very simplified implicit manner to indicate available warning time, whereas others
take a highly explicit, time-dependent approach in which changes in the flood wave physics are
represented in minutes or seconds. Similarly, interactions between individual objects and the flood wave
are modeled within this timeframe. A similar observation can be made for geography. Some models use a
high level of detail, while others only consider geography in a very simplified manner. This is shown in
Figure 119. A model that explicitly incorporates geography can represent objects at a number of different
levels of detail (or resolution), ranging from: macro-resolution, in which whole communities could be
abstracted to single dots with simple attributes such as the total population at risk, or to a microresolution, in which individual objects such as road segments and structures are explicitly represented in
the model as geometries with attributes. In between these two is the meso-resolution option in which
detailed objects are abstracted into raster or polygonal, area-based representations such as flood hazard
zones, land use zones, and census polygons. Some modellers prefer the meso-resolution approach because

BC Hydro LSM
(Canada)
Tsunami Model
(Japan)

Micro /
Detailed
Meso
Macro /
Generalized

Model Detial:
Resolution Level

complexities and interdependencies are greatly simplified versus the micro-resolution approach.

LifeSIM
(USA)
TU Delft
HAZUS-Flood (Netherlands)
(USA)
DEFRA Method
(UK)
USBR-Graham
Method (USA)
Empirical

Physical, Mechanistic

Basic Modelling Principles

Figure 119 - System Modelling Principles (after Johnstone et al. 2005). ©2005 International Association
for Hydro-Environment Engineering and Research (IAHR). Used with permission.
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Flood Wave Hydraulics: The discussion of how flood-wave hydraulics is represented in these
models also depends on the notions of implicit versus explicit representation, time, and geography. Some
models greatly simplify the flood wave physics to a set of impact zones with estimated maxima of depths,
or depth plus one or two additional measures such as flow velocity and rate of rise. Others take a very
detailed time-dependent and geographic approach in which the wave physics is represented at a sitespecific level with a resolution of ten metres or less. Elevation differences on the order of portions of a
metre can determine which areas are flooded and whether or not people caught in the floodwaters are
toppled.
Discussion: The models presented in Table 42 can be divided into three main groups: macroresolution models (USBOR, DEFRA), meso-resolution models (HAZUS, TU Delft), and micro-resolution
models (LSM, LifeSim, Katada et al.). The macro-resolution models employ an implicit, timeindependent, empirical approach in which losses are estimated by characterizing the hypothetical flood
and community response in terms of ordinal scales of flood magnitude, flood understanding and broad
evacuation times, which are used in turn to estimate flood intensity and losses. The macro- and mesoresolution models employ empirical and physical methods, are time-independent, and represent most
objects implicitly. The micro-resolution models are generally time-dependent, use explicit geography, and
employ simulation-based methods to estimate loss and survival outcomes. In terms of the flood wave
hydraulics, the micro-resolution models typically employ depth and flow velocity.
Going forward, a number of architectural design issues will continue to be discussed. Should
flood loss estimation and community response models be time-dependent? What are the most appropriate
resolutions? How can the models be improved to meet the needs of emergency planners and to support
the assessment of mitigations? It is clear that the earlier models cannot be extended to produce the sitespecific loss estimates or emergency plans required by many community emergency planners, and do not
consider important factors such as social vulnerability, mobilization and vertical sheltering responses, and
traffic behaviours during mass evacuations. The emerging models also face a number of challenges. The
source datasets required by these models can be expensive to acquire, the models can take significant
effort to set up and calibrate, and a comprehensive study can require a large number of simulation runs.
However, the architecture of future loss estimation and community response models that support flood
risk analysis and emergency planning will probably combine elements of the micro-resolution
behavioural models with meso-resolution models that provide general guidance of, and validation support
for, the detailed models.
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C.2

Survey of Models and Methods for Estimating Systems Behaviour and Performance
The review provided above was completed in 2007 as part of the Ucluelet tsunami project

(Johnstone and Lence 2009). This second review expands the scope of analysis to consider a broader set
of problem domains, and the methods and models developed to estimate system behaviours and
performance. The expanded set of hazard types include building fires, industrial accidents, tunnel fires,
and hurricanes. A comparison of these models is provided in Table 43. Each modelling aspect is
discussed in turn.
Purpose: A model can be developed to inform risk management, disaster management, or both.
The methods surveyed tend to focus on one or the other. The few that attempt to inform both risk and
disaster management were developed more recently, especially those that address floods.
Properties of Systems: A method can consider the hazard, the community at risk, transport
networks, the population at risk, or detailed aspects of individuals including human behaviour. The
hazard, community and transport network is considered by most methods. A few focus on population
response without incorporating hazard properties.
Spatial Properties: A model can consider a broad geography, the topological relationships
between buildings, places and transport networks, and interior building details and topological
relationships between rooms, floors and stairwells. Systems can also be modelled at different resolution
levels (i.e., macro-, meso-, and micro-resolutions). Less than half of the methods consider spatial
properties explicitly and the majority work at a micro-resolution. Some of the methods consider the
distance to safety which can be used in turn to estimate the time required to complete a protective action.
Temporal Properties: The methods reviewed consider temporal aspects far more often than spatial
aspects. Different phases of an emergency can be considered (e.g., detection, diagnosis, decision making,
warning, mobilization, evacuation, or a full sequence of events). Mobilization and evacuation times are
used by the majority of methods but few consider the complete event timeline. The properties of the
hazard and people's exposure to the hazard can be described as a function of time. Some methods
consider the reduction in time as a function of an emergency response plan. Newman (2011) and Woo
(2011) discuss the three-stage Susceptible-Infectious-Removed method to model epidemics. The
population at time t is:
N(t) = S(t) + I(t) + R(t)

(69)

and changes in the population are governed by three first-order differential equations:
dS/dt = -EIS;
dI/dt = EIS - JI; and
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dR/dt = JI,
where S, I and R correspond to the susceptible, infectious and removed stages, E is the pair wise infection
contact rate, and J is the removal rate. "Removed" may encompass achieving immunity to the disease or
loss of life. NRC (2008) discuss a time-dependent approach to dispensing medical countermeasures for
public health emergencies that considers four phases (detect, decide, distribute, dispense) and the rate of
prophylaxed versus symptomatic people. While these are macro-resolution temporal models that do not
model physical contact, they can still provide useful insights into the possible general forms of the
response curves that can be observed for phenomena in which the emergent outcomes are a function of
the size of the population, the interactions within the population at risk, and the interactions between the
population at risk and the hazard. Similar to network systems with scale-free properties can be highly
vulnerable to removal of their high-degree vertices (e.g., electrical substations), the removal of key nodes
for disease transmission via a targeted vaccination program may greatly reduce vulnerability to epidemics
(Newman 2011). This principal may also apply more generally to emergency planning such as the
dispersion of warnings and the effect of congestion at key intersections on overall evacuation efficiency.
Hazard Intensity and Consequences: Many of the methods consider hazard intensity but less than
a third attempt to assess tenability as people take protective action. In building fire safety, tenability
describes the properties of an enclosure in terms of whether or not it can be occupied. Miclea et al. (2007)
describe the use of thermal and toxic properties such as radiative heat flux, carbon monoxide
concentration, smoke layer temperature, and smoke layer interface height to determine tenability limits.
Tenability is an important general consideration because physical and chemical hazard properties can
limit people's ability to reach nearby safe havens in a timely manner. Only a small number of the models
consider the dosage received by each person or the toxicity or tenability at the occupied locations. Only a
few of the methods estimate structural loss and loss of life, with the majority of them estimating losses
due to floods. This makes practical sense for some domains such as building fire safety since loss of life
can be caused by combustion products without the need for associated structural failure.
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Table 43 - Survey of Methods and Models for Estimating System Behaviours and Performance

Floods (various types)
Aboelata et al. (2005)
Barendregt et al. (2005)
Becker et al. (2011)
FEMA (2008a)
Frieser et al. (2005)
Johnstone et al (2005)
Johnstone and Lence (2009)
Jonkman and Vrijling (2010)
Lindell and Prater (2010)
Opper at al. (2009)
Simonovic and Ahmad (2004)
Disease Pandemic
Newman (2011), Woo (2011)
NRC (2008)
General Hazards
Han et al. (2007)
Saadatseresht et al (2008)
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X

X
X

Evacuate

Hazard
Protection,
Intensity &
Loss Reduction
Consequences

Loss of Life

Temporal
Properties

Structural Loss

Spatial
Properties

Tenability

Emergency Management

Risk Management
Building Fire
Fitzgerald (2004)
Guanquan and Jinhua (2006)
Gwynne et al. (2001)
Hanea & Ale (2009)
Kobes et al. (2009)
Magnusson et al. (1996)
Meacham (1999)
Tunnel Fire / Accident
Diamantidis et al (2000)
Persson (2002)
Yoon and Choi (2009)
Industrial / Nuclear Plants
Dotson and Jones (2004)
Georgiadou et al. (2007)
Ishigami et al. (2004)
Ship Evacuation
Vanem and Skjong (2006)
Vassalos et al (2001)
Hurricane
Lindell and Prater (2007)
Wolshon et al. (2005)
Urban-Wildland Interface Fire
Cova (2005)
Wolshon and Marchive III (2007)

Properties
of Systems

Hazard
Community
Transport Network
Population at Risk
Individuals / Behavioural Factors
Geography / Topology
Structure Layout /Topology
Macro Resolution
Meso Resolution
Micro Resolution
Exposure to Hazard (in space)
Distance to Safety
Detection
Diagnosis/Decision
Warning
Mobilization
Evacuate
Exposure to Hazard (in time)
Hazard Intensity

Purpose
Hazard Type / Source

X

X X
X X
X
X X
X X
X X
X X X
X X
X
X

X
X
X

X X X X
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Reliability-Based Performance Measures: Methods that incorporate uncertainty can be found
within each problem domain; however, very few models take a reliability-based approach. The most
interesting uses of reliability can be found in building fire safety. Meachem (1999) provides a compact
and readable reliability-based formulation for building fire safety design that considers human factors,
tenability, and the uncertainties associated with both the egress time and hazard properties. But the
earliest and possibly most important limit state equation is proposed by Magnusson et al. (1996):

G Egress

SMOKE  > DETN  RESP  EXIT @
[Time to Dangerous Condition] - [Time to Reach Safety] t 0

(70)

where GEgress is the available safe egress time, SMOKE is the time for smoke to fill a room to 1.6m above
the floor level, DETN is the detection time, RESP is the response of individuals before evacuation, and
EXIT is the time required to move to an exit. This work is also discussed in detail in a recent book by
Hasofer et al (2007). The performance equation uses a probabilistic formulation for estimating GEgress but
a deterministic value for tenability. If a reliability-based formulation for tenability was assessed in
parallel, then uncertainties associated with the capacity of the people at risk or the systems protecting
them could be compared with the physical, chemical, or biological demands of the hazard. This would
extend the assessment to also be a function of hazard intensity and CPS protective capacity. Assessment
of performance using spatial and temporal measures is also discussed in work by Galea et al. (2003) who
investigate the use of computer simulations to certify very large commercial aircraft for evacuation during
emergencies. Two key concepts discussed are Available Safe Egress Time (ASET) and Required Safe
Egress Time (RSET), with ASET generally being a function of the hazard properties such as fire and
smoke in the aircraft cabin and RSET being a function of the layout of the aircraft cabin, its exits, and the
ability of the passengers to move with speed to the exits and out of the aircraft. The researchers argue for
the need to move away from approaches that provide very general prescriptions, e.g. " For an airplane that
is required to have more than one passenger emergency exit for each side of the fuselage, no passenger
emergency exit shall be more than 60 feet from any adjacent passenger emergency exit on the same side
of the same deck of the fuselage "(Galea et al. 2003)). Instead, they suggest a performance-based
approach that considers the unique properties of each emergency planning context, and the use of
simulation-based methods to estimate performance. Chu and Sun (2008) and Hanea and Ale (2009)
similarly discuss the concept of ASET and RSET for building fires. In the context of modelling
evacuations of ships, Vassalos and Vassalos (2004) also discuss sufficiency of time and suggest the term
"evacuability" as an objective, quantitative risk measure of a ship's design. Building on this important
concept, it is proposed in this dissertation that a complementary quantitative measure that assesses the
sheltering-in-place protective action could be called "shelterability". Then for a given hazard and
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vulnerability context, evacuability and shelterability could be assessed independently and in combination
to quantify two of the fundamental protective actions that can be taken by a population at risk.
Equivalent reliability-based measures that estimate outcomes as a function of the direct
interactions between the hazard and people, or between the hazard and objects that protect or transport the
people, were also found. An example is reliability-based methods developed to assess the stability of
people in floodwaters. Lind et al. (2004) propose a model that uses the following formulation:

G Instability

§
v2 · § h ·
W  B d  ¨ CA U
¸¨ ¸
2 ¹© 2 ¹
©
[PARU Rotational Resistance] - [Hazard Demand] t 0

(71)

where W is the person's weight, B is the person's buoyancy, d is the common moment arm of these two
forces around the pivot of the person's toe, C is the drag coefficient, A is the person's wetted area, U is the
water density, v is the water velocity, h is the water depth, and h/2 is the depth at which the drag acts on
the person.
The approach proposed by Jonkman and Penning-Rowsell (2008) considers both toppling (similar
to the above) and friction instability of the person with the surface it is standing on. Similar examples can
be found for building and vehicle response include Cox (2004), FEMA (2008a) and Becker et al.(2011).
Experimental and empirical data that supports these formulations have been produced by a number of
researchers including Black (1975), Sangrey (1975), Abt et al. (1989), RESCDAM (2001), Kelman
(2002),and Roos (2003).
C.3

Conclusion
The reliability-based formulation for assessing the life safety performance of a CPS builds on the

ideas reviewed in Section C.3. This dissertation proposes that the life safety of a CPS can be estimated by
simultaneously assessing sufficiency of time and sufficiency of protection for each person located
within the exposure zone (see Figure 30, Section 4.1).
The life safety limit state equation to assess sufficiency of time can be developed from reliabilitybased methods proposed by Magnusson et al. (1996) and Meachem (1999) for building fires. A hazard's
temporal demands can be determined by events that create the hazardous condition, the speed of hazard
formation, the approach velocity of the plume and the distance to the community. The temporal capacity
of the CPS must express its capability to detect and diagnose the hazard, and to decide what actions to
take. This must be achieved to possibly engage the hazard and to allow the population to take protective
actions. The temporal capacity of the population can express the time required for people to receive and
react to the warning, and to reach safe locations before the hazard arrives.
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The life safety limit state equation to assess sufficiency of protection can be developed from
reliability-based methods proposed by Lind et al. (2004) for people interacting directly with flood waters
and from reliability-based methods that assess the response of structures to hazards (e.g., Melchers
(1999), Dowrick (2003), Becker et al. (2011)). In the first case, the direct interaction of a person with the
hazard is used to determine whether or not the person survives. In the second case, it is the protection
offered by the structure to each person that is assessed. The demands of the hazard and the capacities of
each person and of the CPS can be expressed in physical units such as momentum, kinetic energy, shock
wave pressure differential or crushing force. If the danger is posed by hazardous materials, the hazard
intensity might be expressed as a concentration in parts per million (ppm) or parts per billion (ppb) for
vapours or gases, and mg/m3 for suspended dusts, mists, smoke or fumes.
Other performance dimensions could also be considered. For example, the distance of each
person from their current location to nearby safe locations could express each person's degree of
exposure; however, travel distance cannot consider emergent effects such as evacuation delays due to
traffic congestion. Time combines all of the CPS and the activities, movements, congestion, etc. of the
people into a single, comprehensive performance dimension.
C.4

Discussion
Sufficiency of time is a fundamental first condition that must be satisfied before the protection

offered by the CPS can be used effectively. This issue has been identified by the United States Federal
Energy Regulatory Commission (FERC) through their Time-Sensitive EAP initiative (FERC 2011). In
their approach, a sudden failure assessment develops conservative estimates of the time spans for
detection, verification and notification, the time for the downstream flood to significantly impact the first
non-project downstream structure and the time required to warn and evacuate the critical residences close
to the dam (FERC 2011). These time spans are then used to estimate the "excess response time" which
compares the time required to detect, notify, warn, mobilize and evacuate, with the time required for the
floodwaters to arrive. A negative response time indicates that there may be insufficient time to protect the
downstream population. A compelling example of the importance of time sufficiency is provided in an
unpublished analysis of eleven trans-oceanic tsunami from the last 250 years by the Institute of
Computational Mathematics and Mathematical Geophysics (Russian Academy of Sciences 2012). These
tsunami have caused a total NLOL | 382,000 with 81% of the total mortality occurring at locations with a
Tsunami Travel Time of less than one hour and 97% of the total mortality occurring within three hours.6
In situations where the CPS can engage the hazard plume directly, time will also be of the essence for
6

The mortality of the March 11, 2011 Great Tohoku Earthquake and Tsunami (NLOL | 19,000) is not

included in this analysis.
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mobilizing the resources required to deflect or suppress the hazard's intensity. In the majority of cases, the
population will have to move to havens located either within or outside the exposure zone. In comparison
with building and maintaining havens or other structural measures within the exposure zone, it can be
more cost-effective in many cases to provide the people with more time. In addition, the provision of
enhanced structural, chemical or biological protection can take many years to complete and will require
ongoing maintenance. A time surplus is an important resource that offers robustness to unexpected events,
time for consideration of a broader range of protection alternatives and an increased capacity to protect
larger populations. The Life Safety Performance Space combined with the Journey Line express the
fundamental concept that if time is not used effectively, then less protection may be provided to the
population. This supports the notion that time can indeed be "of the essence" when responding to ROHI
hazards.
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D.1

Software Tools and System Simulation Models
A number of different software tools, application development languages, data management tools

and systems simulation tools were used to perform the research. Table 44 list the primary tools that were
used. It identifies the name of the tool or model, the developer or vendor, its primary function and a short
description and the chapters which use analytical or simulation outputs from the models or tools.
Table 44 - Software Tools and System Simulation Models Used to Support the Research
Name

Developer or Vendor

Primary Function
and Description
Tools and Models used for both Tsunami Analysis (Chapter 6) and Dam Failure Analysis (Chapter 7)
ArcGIS V9.x and
Environmental
GIS & Geovisualization: Geographic Information System.
V10.x
Systems Research
The following extensions were used: 3D Analyst, Spatial
Institute (ESRI)
Analyst, and Network Analyst
GeoMapp App V3.1.6 Lamont-Doherty Earth GIS & Geovisualization: Data exploration and visualization
Observatory, Columbia tool. Part of the Marine Geoscience Data System (MGDS)
University
Python V2.4-2.7
Python Software
Application Development: Programming language:
Foundation
Development of a population generation tool that creates
inputs for the LSM.
ERDAS ER Mapper
Intergraph Corporation Remote sensing and raster image processing: Used to
create the integrated bathymetric- topographic surface for
modelling the CSZ tsunami wave propagation.
Green Kenue
Canadian Hydraulics
Simulation and Geovisualization: General-purpose tool for
Centre (CHC)
pre- and post-processing of LSM simulations.
BC Hydro Life Safety Canadian Hydraulics
Integrated Hazard & Community Response Model: Models
Model (LSM)
Centre (CHC) & HR
hazard-object interactions and protective actions taken by
Wallingford
the PAR.
Tools and Models used only for Tsunami Analysis (Chapter 6)
TsunamiCLAW and
University of
Tsunami Simulation: Numerical hydraulic model of
AMRCLAW
Washington and NYU
tsunami wave propagation and onshore run-up. The
- Courant Institute of
package is now called GeoCLAW.
Mathematical Sciences
Macro-Resolution
Johnstone
Life Safety Estimation: Performs macro-resolution analysis
Life Safety Estimator
of a community to estimate life safety for tsunami.
Meso-Resolution Life Johnstone
Life Safety Estimation: Performs three functions: 1.
Safety Estimator
Extracts journey line time-series data for people (PARUs)
from the LSM outputs. 2. Converts the journey line data
into time-series data in a common frame of reference. 3.
Plots outcomes in the Life Safety Performance Space
Micro-Resolution
Johnstone
Life Safety Estimation: Extracts a single micro-resolution
Individual Life Safety
time-series and uses it to estimate individual Life Safety
Estimator
Performance for different values of HAZ_I, HAZ_T, etc.
Micro-Resolution
Johnstone
Life Safety Estimation: Uses time-series from a number of
Societal Life Safety
people to estimate societal Life Safety Performance as a
Estimator
function of a Design of Experiments.
Tools and Models used only for Dam Failure Analysis (Chapter 7)
TELEMAC-2D
Electricité de France
Dam Failure Flood Simulation:
(EDF) and HR
Numerical hydraulic model of flood wave propagation over
Wallingford
topography.
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Additional descriptions of three of the simulation models are provided below for TsunamiCLAW,
Telemac-2D and the Life Safety Model.
TsunamiCLAW Numerical Hydraulic Model: TsunamiCLAW is a numerical hydraulic model
which implements the shallow water equations in a manner that is suitable for both the long wavelength,
global scale regime as the wave propagates across oceanic water bodies, and the shorter wavelength, local
inundation regime in which the local bathymetry and shoreline features steer, compress and focus the
propagating energy in different ways. TsunamiCLAW uses a finite volume method to accommodate
diverse regimes, bores, steep gradients, and drying regions (George 2006; George and LeVeque 2006).
The model is one of a number of implementations developed using the open source Conservation LAWs
PACKage (CLAWPACK) developed by LeVeque (2002). CLAWPACK solves hyperbolic systems of
partial differential equations in one or more space dimensions. The model has been used to simulate
aircraft movements, acoustics, seismic waves, detonation waves, traffic jams and ultrasound waves in
biological materials. An important capability of TsunamiCLAW is Adaptive Mesh Refinement (AMR)
which allows for the efficient solution of large scale geophysical problems (Berger et al. 2011). This
means that in deep water regimes where the tsunami wavelengths are many hundreds of kilometres long
only a very coarse adaptive mesh is required. As the local bathymetry shoals and the waves slow and
sharpen, a progressively more detailed adapted mesh can be used to model the wave. This model can also
use more detailed bathymetric data that might be provided near shorelines. As the tsunami approaches and
overtops the shoreline even finer topographic grids can be employed. This approach was taken to model
the CSZ tsunami wave propagation and onshore run-ups. The larger body of geophysical modelling
routines that includes TsunamiCLAW is now referred to as GeoCLAW (LeVeque et al. 2010). George
(2011) has recently used GeoCLAW to model the Malpasset Dam failure.
TELEMAC-2D Numerical Hydraulic Model: The TELEMAC-2D model is used to simulate freesurface flows in two dimensions. It solves the Saint-Venant shallow water equations using a finite
element method and a computational mesh of irregular triangular elements. The triangulated mesh allows
for flexible representation of detailed topographic features that may influence the propagation of the flood
wave. A key reason for using TELEMAC to model dam failures is its ability to simulate wetting and
drying within the model domain, and to represent torrent and river flows (Hervouet and Bates 2000). The
simulation of the Malpasset event that is used in this dissertation was produced by BC Hydro. This was
based in part on prior TELEMAC-2D simulations of the Malpasset event developed by Electricité de
France (EDF 2000; Hervouet and Rouge 1996) and by Valiani et al. (2002).
BC Hydro Life Safety Model (LSM): The LSM provides the capability to produce simulations of
dam failure emergency scenarios. It was developed to support flood consequence analysis and emergency
planning (Johnstone and Sakamoto 2004; Johnstone et al. 2005). The LSM creates virtual reality
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simulations that combine a two-dimensional flood wave model with a GIS-based virtual representation of
a community. Table 45 lists some of the objects that are modelled during a simulation run. The LSM can
model the simultaneous behaviours and interactions of the HAZ, CPS and PAR systems for the part of the
trans-impact phase during which the flood waters approach and affect a community. Although the LSM
cannot fully model and estimate the Life Safety measures formulated in this dissertation, the examples
developed and demonstrated in Chapters 6 and 7 point towards possible future enhancements of models
of this class.
Table 45 - Selected LSM Objects (Johnstone et al. 2005). ©2005 International Association for HydroEnvironment Engineering and Research (IAHR). Used with permission.
LSM Object

Description

Digital Elevation Model

A topographic representation of the flood hazard zone.

Population At Risk - Unit
(PARU)

A PARU is an individual who is within or near the impact zone. This
object represents the individuals who are at risk.

Population At Risk - Group
(PARG)

A PARG is one or more PARU escaping from the flood wave. The
people share the some attributes such as location, direction, and transport
mode.

Building

Man-made structures (houses, schools, shopping centres), that contain
PARU.

Outdoor Place

An outdoor area where PARU might congregate (i.e., playgrounds, local
parks, recreation sites).

Vehicle

A land-based vehicle that can carry an escaping PARU or PARG.

Road & Trail Network

The road and trail network incorporating and connecting all of the other
objects that make up the road system.

Flood Wave

The hydrodynamic flood wave provided by an external model.

Warning Centre

A location from which a warning can be issued and spread to the local
population. Warning centres can be networked to communicate warning
to each other.

Safe Haven

A location (perceived or real) where a PARG would be safe from the
flood.

Three aspects of the simulation are discussed here: the modelling of hazard-object interactions in
order to estimate loss and survival, the use of fragility curves to specify the maximum allowable
probability of object failure and the modelling of evacuations.
The concept of hazard-object interactions is shown in Figure 120. Figure 120a shows three
objects types: structures, vehicles and people. Also shown is a flood hazard which properties depth(t) and
velocity(t) and debris. A number of possible HAZ-PAR, HAZ-building and HAZ-vehicle interactions are
shown. A structure might be affected by scour, debris impacts, structural damage, buoyancy (i.e. "float")
and fill effects. A vehicle might also float or be swept into deeper waters. A person can also be swept,
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carried into deeper waters where the person may drown or lost due to physical trauma. Effects on the
buildings and vehicles and their losses may in turn cause the loss of a person.
Figure 120b shows two methods of loss and survival estimation that can be used: instantaneous
loss and cumulative loss. Two plots are shown for each mechanism. Time is the horizontal axis and the
hazard property and performance criteria are shown as the vertical axis. In the instantaneous case, an
object will be lost if the hazard intensity exceeds the performance criterion at some point in time during
the event; otherwise, the object survives the hazard event. In the cumulative case, an object will be lost if
the time-dependent integral of the hazard intensity exceeds the cumulative performance criterion at some
point in time during the event; otherwise, the object survives the hazard event.
a. Examples of Interactions
Between Objects and a Hazard

"float"

"debris
impact"
"damage"
depth (t) velocity (t)
"scour"

"topple"

"sweep"

"float"

"fill"

b. Estimation of Hazard
Impacts/Effects on Objects
Hazard (t),
e.g. depth

Hazard (t),
e.g., integral of momentum
Performance
Criterion

Performance
Criterion

Time

Time
Instantaneous
Loss

Survival

Cumulative
Loss

Survival

Figure 120 - Hazard-Object Interactions and Loss/Survival Estimation (after Johnstone et al. 2005).
©2005 International Association for Hydro-Environment Engineering and Research (IAHR). Used with
permission.
Section 4.3.1 discusses the use of a fragility curve and the variable MaxF to develop a
stakeholder-specified maximum allowable failure probability for each person. The process of determining
MaxF is discussed here. MaxF can be determined using a fragility curve for the object type of interest as
shown Figure 121. Fragility curves describe the probability of the failure of an object type (e.g., people,
vehicles, buildings, bridges and communications towers) as a function of the hazard intensity (DEFRA
2009; Faber and Stewart 2003; Jonkman et al. 2010; Kaplan et al. 1994; Koshimura et al. 2009; Mander
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1999; Schultz et al. 2010; Taylor and VanMarke 2006). Fragility curves are sometimes called doseresponse curves in the context hazard effects on people (Ale 2002; Hirschberg et al. 1998; Jonkman 2007;
NRC 2001). Figure 121 shows a fragility curve,. The horizontal axis is the hazard intensity J experienced
by the object and the vertical axis is the probability of failure of that object. Once MaxF has been chosen
by the stakeholders, the associated maximum allowable hazard intensity JMaxF for that object type can be
found using the fragility curve.

p(failure)
(Response)

Fragility Curve

100%
90%

50%

Hazard
Intensity
(Dose)

MaxF%
Stakeholder-Specified
Maximum Allowable
Probability of Failure

0%

J

JMaxF

J

J

J100

Maximum Allowable
Dosage

Figure 121 - Fragility (Dose-Response) Curve, MaxF and JMaxF
Some guidance for specifying MaxF can be found in the literature. One alternative is to specify
MaxF in terms of individual risk criteria. Jonkman et al. (2002) discuss national policy for individual risk
in The Netherlands for involuntary, imposed risks from hazardous installations, transport routes and
airports. One standard for individual risk (IR) from The Netherlands is IR < 10-6 loss of life per year.
Continuing with their formulation:

IR p( failure) p(LOL | failure)

(72)

where p(failure) is the annualized probability of the hazard event and p(LOL|failure) can be interpreted
here as MaxF. By rearranging terms:

p(LOL | failure) MaxF

IR
p( failure)

(73)

the maximum allowable probability of failure for an individual would be determined by national policy
for allowable annualized individual risk and the annualized probability of occurrence of the hazard event
in question. Jonkman et al. (2002) discuss additional considerations such as whether the individual is a
permanent resident of the location exposed to the hazard.
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The evacuation modelling approach is described here using the Ucluelet tsunami evacuation as an
example (see Section 6.5). Figure 122 shows two detailed snapshots of individual responses near two land
bridges in Ucluelet that may be overtopped by a CSZ tsunami. In the first graphic at t = 0 minutes, the
people are located at their origins in buildings distributed throughout the exposure zone. In the second
graphic at t = 12 minutes the people are shown moving along their routes toward the single central safe
haven. The time series dataset used to produce these plots provides the information required to develop
the micro-resolution estimates of life safety. Time snapshots of the location and status of all of the people
can be extracted at different event times. Examples of the output data include: the unique ID of each
person, the geographic Easting and Northing of the person's location, elevation and status.

0 minutes

PARU’sina
building

12 minutes
PARU’s
evacuating
Movement
towardscentral
safehaven

Empty
structure

Figure 122 - Time Snapshots of Summer-Day-Pedestrian-Single-Haven Evacuation: a) Locations of
Individuals at t = 0 minutes, b) Locations of Individuals at t = 12 minutes
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D.2

Primary Data Sources
A large body of digital data was assembled and processed in order to develop the simulations for

modelling Cascadia Subduction Zone (CSZ) Tsunami and its possible impacts on the Districts of Ucluelet
and Tofino (Chapter 6) and modelling the Malpasset Dam Failure (Chapter 7). This section provides a
table of the primary digital GIS, remote sensing, media and documentation data sources that were used.
Table 46 lists three groupings of data sources. The first column provides an identifier (Uxx is for
Ucluelet, Txx for Tofino and Mxx for Malpasset). The remaining columns provide a name for the data
source, a description of the source and the name of the organization that provided the data or information.
Table 46 - Primary Data Sources
ID
U01

Name
Regional Topographic Data

Description
TRIM 1:20,000 digital GIS data: topography,
water bodies and streamlines, infrastructure.
GIS data layers: cadastre, land use, zoning.
Detailed orthophoto of the Ucluelet
Peninsula and Inlet
Detailed LIDAR Digital Elevation Model of
Ucluelet

U02
U03

Local Municipal Data
Orthophoto

U04

Local Topographic Data

U05

Coastal and Ocean
Bathymetry

U06

Ocean Coastal Bathymetry

U07

Road Atlas

U08

Building Assessment Data

U09

Census Data

U10
U11

Community Facts
Field Surveys and Interviews

U12

Earthquake Model

T01
T02

Local Topographic Data
Local Municipal Data

T03
T04

Coastal Bathymetry
Road Atlas

Provincial Digital Road Centreline Atlas.
Full transport network.
BC Assessment Authority. Detailed building
inventory data: address, building type (e.g.,
SFD, MFD, commercial), actual use, number
of floors, value
2001 National Censure of Canada. Data
acquired at the Dissemination Area (DA)
level.
Community census profile from 2001
Field surveys undertaken September 2005
and February 2006.
Magnitude 9.1 CSZ Event as a GIS shapefile
from Washington DNR
1m contour data.
GIS datasets: Zoning, Waterbodies,
Cadastre.
Same as for Ucluelet (U05)
Same as for Ucluelet (U07)

T05

Community Facts

Same as for Ucluelet (U10)

CHS Digital bathymetric data, Chart 3606 Ucluelet Inlet to Nootka Sound, Chart 3646 Plans Barkeley Sound.
NOAA Digital bathymetric data

Provider
BC Integrated Land
Management Bureau
District of Ucluelet
District of Ucluelet
Canadian
Hydrographic Service
(CHS)
CHS and Nautical
Data International
(NDI)
CHS and NOAA
National Geophysical
Data Center
BC Integrated Land
Management Bureau
LANDCOR

Statistics Canada

BC Stats
Performed by UBC
team.
(Walsh et al. 2000)
District of Tofino
District of Tofino
CHS
BC Integrated Land
Management Bureau
BC Stats
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ID
T06

Name
Field Surveys and Interviews

Description
Same as for Ucluelet (U11)

M01

BD TopoTM

M02

Scan 25TM

M03
M04
M05
M06

1955 Airphotos
1960 Airphotos
St. Tropez No. 3
Final Report of the
Investigating Committee
Official Report of the Local
Police: Gendarmerie
Nationale: Proces Verbal
d'Enquete Preliminaire.
Official report of a local
Military Base Commander:
Rapport: 1. Les pertes et
degats causés par la
catastrophe, 2. L'inervention
de l'Armée.
La Tragedie Malpasset

1:25,000 National Topographic Database of
France. GIS content includes: topography,
transport networks, waterbodies and stream
network, buildings, toponymy, infrastructure,
administrative zones.
Scanned Topo Map @ 1000 dpi Serie Bleu 1:25,000
Scanned airphotos @ 1000 dpi
Scanned airphotos @ 1000 dpi
Scanned IGN map of area from 1931.
Ministere de l'Agriculture Official
Investigation of the Malpasset Dam Failure.
Text-based report of the actions taken by the
Gendarmerie during the trans-impact and
post-impact disaster phases.

M06

M07

M08
M09
M10
M11

Malpasset: Naissance, vie
mort d'un barrage
Malpasset

M12

Il y a 20 ans: Malpasset, le
mal placé
Commemorative Brochure

M13

News Article

M14

Flood wave observations

M15

Flood Simulation

M16

Field Survey

Provider
Performed by UBC
team.
Institut Geographique
Nationale (IGN)

IGN
IGN
IGN
IGN
Government of France
Robert Laugier,
Gendarmerie nationale
française

Text-based report of the actions taken by the
Gendarmerie during the trans-impact and
post-impact disaster phases.

Génerale Soreau,
Armée nationale
française

Detailed list of people who were lost.
General account. Oblique airphotos.
Book with a detailed description of the event
written by a local schoolteacher.
Documentary. 57 minute video. Interviews
of eyewitnesses
Retrospective article with detailed stories
and photos.
Summary of events developed by Ville de
Fréjus. Many useful facts, maps and photos.
Example of contemporary news article about
the event in Life Magazine.
Observations developed by Electricité de
France (EDF) as part of their model
validation work.
Examples of flood simulations developed to
recreate the event.
2005 Field observations and interviews with
local eyewitnesses.

(Donat 2004)
(Foucou 1960)
(Nardino 2000)
(Caro 1979)
(Mairie de Frejus
1960)
(Snell and Smith
1959)
(Hervouet 1993)

(George 2011; Valiani
et al. 2002)
(Johnstone et al. 2003)
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Appendix E. Estimation of CPS Performance for Different Cross-Sections
Section 5.4 uses community cross-sections to show how the Life Safety Measures can be
estimated. This appendix applies this method for three cross-sectional shapes.
The calculations are developed based on the following assumptions. The community layout for
the analysis is as shown in Figure 56 and Figure 61 in Chapter 5. It is assumed that a PAR is distributed
uniformly across the community with a density of UPARU = 1,000 people per km. The community length is
L = 2 kilometres. Each person has a strength PAR_S = 1.75 metres and each person can move at a uniform
speed of vPARU = 50 metres per minute towards safe ground towards the safe haven at right. It is assumed
that the person's speed is not affected by the slope angle. The hazard intensity ranges between HAZ_I =
seven and twenty one metres. Eight hazard intensities HAZ_I = (7, 9, 11, 13, 15, 17, 19, 21) are
considered. The maximum possible hazard intensity HAZ_IMAX = 21 metres.
Two types of protection are offered by the CPS: protection by ground elevation and protection by
a structure (i.e., by sheltering within). Protection by elevation is a function of the community crosssection. Protection by structure is a function of the sum of the community cross-section elevation at the
person's location plus the additional elevation offered by the structure (BLDG_P). In this case, BLDG_P =
2.0 metres. The elevation protection nominally ranges between zero metres at x = 0 to twenty metres at x
= 2,000 metres (CPS_PMAX | 20 metres).
The hazard arrival time is deterministic and is set at HAZ_T = 20 minutes. The times for the CPS
to detect the hazard and for each person to mobilize are combined into the single variable TSMM. TSMM is a
random variable which is the sum of the time span for the set of activities required to monitor, detect,
diagnose and warn the person, and the time span for the person to decide and mobilize. There are five
possible monitor/mobilization times: 4, 8, 12, 16, and 20 minutes. Forty time-dependent combinations are
assessed: eight hazard intensities and five mobilization times. Eight shelter (SHEL) scenarios are also
assessed by setting TSMM = 0 and employing the protection offered by BLDG_P. Therefore, a total of
forty-eight scenarios are analysed for each cross-section. The methodology is as follows:
1. Calculate Extents: Given that both the hazard and protection functions increase monotonically
in the horizontal distance x, the Life Safety Performance is estimated for each of the forty scenarios by
calculating: (a) the rightmost extent of the community that is exposed to a hazard (xEXP_RIGHT), (b) the
rightmost extent of the community where a person could be lost (xLOSS), and (c) the leftmost extent of the
population (xPARU_LEFT) who are in the zone.
2. Estimate Exposures: The Life Safety exposures are estimated by: (a) multiplying the length of
the community times the population density to get the total population (NPOP), (b) calculating the rightmost extent of the hazard exposure zone (xEXP_RIGHT), (c) multiplying the length of the exposure zone times
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the population density to produce the population at risk (NPARU), and (d) calculating the exposure rate
(FPAR). The equations for each step are:

NPOP

L u UPARU

xEXP _ RIGHT

NPARU
FPAR

(74)

Min xHAZ _ I

0

xEXP _ RIGHT u UPARU
NPARU / NPOP

(75)
(76)
(77)

If the people do not move or if they are delayed until the hazard arrives (i.e., HAZ_T = CPS_T + PAR_T =
20 minutes) then xPARU_LEFT = 0 and some of them can be caught out in the open by the hazard.
3. Estimate Losses: The right-most location xLOSS,NO_MOVEMENT where GP = 0 describes the full
extent of the exposed PAR. It is used to estimate the loss of life:

NLOL,NO_ MOVEMENT

xLOSS,NO_ MOVEMENT u UPARU

(78)

If the protective action is Shelter, then the people enter a structure at their starting locations and they each
gain additional protection BLDG_P. The survival rate is then determined by assessing whether there is an
extent bounded on the right by xLOSS,SHEL,BLDG_P where GP(x, BLDG_S) is less than or equal to zero. The
loss of life would then be:

NLOL,SHEL,BLDG_ P xLOSS,SHEL,BLDG _ P u UPARU

(79)

If the protective action is Evacuate, then it is assumed that the people move uphill and to the right in
single file at the specified speed vPARU. The survival rate is then determined by assessing whether there is
an extent bounded on the right by xLOSS,EVAC where GP(x) is less than or equal to zero and which is still
occupied by some of the people. The left-most boundary xPARU_LEFT of the evacuating PAR is calculated as
a function of the time available for movement by each person after the mobilization time is complete (i.e.,
TSMOVE = HAZ_T - TSMM) with xPARU_LEFT = (TSMOVE )( vPARU). If xPARU_LEFT  xLOSS,EVAC then some of the
people are caught in the loss zone and are killed:

NLOL,EVAC

xLOSS ,EVAC u UPARU

(80)

4. Estimate Loss and Survival Rates: If loss of life occurs, then the mortality rate (FLOL) and
survival rate (FOK) are calculated using Equations (14) and (15) ( Chapter 4) by substituting the
appropriate values for NLOL and NOK. An estimation tool that implements this logic was developed and
used to produce the four sets of analyses and plots provided below. The method uses a discretized
approach that assumes a one metre spacing along the x-axis (i.e., one coordinate for each person's starting
point).
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E.1

Curved-Down Cross-Section
Detailed Demonstration of Calculation Method: The first example considers a cross-sectional

surface that is convex down. It is given the name "curved-down". A summary of the assumptions
discussed above is provided in Table 47. Parameters that describe the population at risk, the CPS and the
hazard are shown for eight scenarios. The parameters PAR_S, BLDG_P, and HAZ_T are held fixed for all
forty scenarios. HAZ_I is the key parameter that changes across this set of scenarios. To implement all
forty scenarios, seven additional sets of inputs are developed by changing the value for TSMM which
adjusts how long the people wait before evacuating. The other key input is the function of the crosssection CPS_P(x).
Given these inputs the Life Safety Measures can be estimated. Table 48 and Figure 123 provides
an example of the results of the calculation for the given inputs. Figure 123a shows CPS performance in
terms of the rates FPAR, FLOL, and FOK vary as a function of HAZ_I. In this case, even though there is a
time shortfall, mortality does not occur until HAZ_I is greater than 13 metres. Note that losses occur even
though the average for GP with HAZ_I = 15 m is greater than zero. Figure 123b shows CPS performance
in terms of the magnitudes NPARU and NLOL. Figure 123c shows how these values are calculated using the
calculated locations xPARU_LEFT, xLOSS and xEXP_RIGHT. Because the people wait eight minutes, they can only
move at most for twelve. Therefore, the leftmost edge of the population moves 600 m to the right (see
xPARU_LEFT). In cases where xLOSS is to the left of this line, no mortality can occur. For scenario SC4, some
of the people are exposed because xEXP_RIGHT = 800 m, but none of them are lost because xLOSS=590 m
which is less than xPARU_LEFT which is 600 m. Figure 123d shows the eight Journey Lines for the eight
scenarios in the Life Safety Performance Space.
Table 47 - Example of a Set of Inputs to a Life Safety Analysis

SC1

SC2

SC3

Scenario
SC4
SC5

SC6

SC7

SC8

PARProperties
PAR_S
v PARU

metres
m/min

1.75
50

1.75
50

1.75
50

1.75
50

1.75
50

1.75
50

1.75
50

1.75
50

CPSProperties
BLDG_P
TSMM

metres
minutes

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

HazardProperties
HAZ_T
HAZ_I

min
metres

0
7

0
9

0
11

0
13

0
15

0
17

0
19

0
21
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Table 48 - Example of a Life Safety Cross-Section Analysis and Outcomes Summary Table

SC1

SC2

SC3

Scenario
SC4 SC5

metres

600

600

600

600

600

600

600

600

x LOSS

metres

130

240

400

590

830

1100

1400

1750

x EXP_RIGHT

metres

230

380

570

800

1060

1360

1700

2000

2000

2000

2000

2000

2000

2000

2000

2000

KeyLocations
x PARU_LEFT

PopulationatRiskandOutcomes
people
N POP

SC7

SC8

N PARU

people

230

380

570

800

1060

1360

1700

2000

N LOL

people

0

0

0

0

230

500

800

1150

25

23

20

16

11

6

0

7

8.4

6.4

4.4

2.4

0.4

1.6

3.6

5.6

12%

19%

29%

40%

53%

68%

85%

100%

0%

0%

0%

0%

22%

37%

47%

58%

78%

63%

53%

43%

MeasuresofPerformance
min
GT
G P (average)

metres

MeasuresofEffectiveness
F PAR
F LOL

100% 100% 100% 100%

F OK

2000

75%
50%
F_LOL
F_OK

25%

NPARU and NLOL

100%

FLOL andFOK

SC6

1500
1000
500

N_LOL

F_PAR

N_PARU

0%
0

a)

10
20
HAZ_I(metres)

30

25

20

20

10

10
20
HAZ_I(metres)

30

SC1

15
10

x_EXP_RIGHT
x_PARU_LEFT
x_LOSS

5

0

500

1000 1500 2000

HorizontalDistance (x)

2500

SC8

0
10
20

0

c)

0

b)

GP

HAZ_I(metres)

0

50 40 30 20 10

d)

0

10

20

30

GT

Figure 123 - Life Safety Calculations: a) FLOL and FOK as a function of HAZ_I, b) NPARU and NLOL as a
function of HAZ_I, c) HAZ_I as a function of x, d) Journey Lines in the Life Safety Performance Space
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Presentation/Discussion of Analysis Results: The results of the analysis of the forty-eight
scenarios (i.e., 40 evacuation, 8 shelter scenarios) are shown in Figure 124. This presents the standard
presentation format that is used for all four cross-sections. Part (a) shows CPS protection CPS_P(x); Part
(b) shows the Journey Lines for eight scenarios. Part (c) shows FLOL as a function of HAZ_I with iso-lines
of constant values for TSMM. Part (d) is the complement of Part (c) with the roles of HAZ_I and TSMM
being switched: FLOL is shown as a function of TSMM with iso-lines of constant values for HAZ_I. Parts (e)
and (f) show similar content to (c) and (d), except that the values shown are now magnitudes of NLOL
rather than mortality rates.
Figure 124b shows that the Curved-Down cross-section is robust to increases in HAZ_I because
the rate of change of protection for horizontal movements is higher for each delta x than if the crosssection were a ramp. Figure 124c shows both the Evacuate and Shelter protective actions. As would be
expected, the shape of the performance curve for the Shelter action is similar in this case to the Evacuate
option because both use the same cross-sectional surface. But the Shelter option is only consistently
superior to the TSMMT = 20 minute scenario. In most other cases, Evacuate is superior to Shelter because it
has lower FLOL values for most of the range of HAZ_I.
Figure 124c and Figure 124d show that mortality increases very quickly as both TSMM and HAZ_I
increase. Assuming a target effectiveness level of (say) FLOL < 25%, this can only be achieved for a subset
of combinations of HAZ_I < 15 m and TSMM < 16 minutes (both conditions must be satisfied). Figure 124e
and Figure 124f shows CPS Life Safety in terms of magnitudes of loss rather than loss rates. They suggest
that the magnitude of mortality increases non-linearly in HAZ_I and linearly in TSMM. Assuming a target
performance level of (say) NLOL < 10 people, this can only be achieved for a subset of combinations of
HAZ_I < 13 m and TSMM < 16 minutes (both conditions must be satisfied). Figure 124e suggests that
Evacuation options with TSMM  8 minutes are superior to the Shelter option for all hazard intensities.
Given that the general shapes of the FLOL and NLOL plots are similar, this might suggest that
perhaps it is only necessary to consider one or the other pair of plots (i.e., (c) and (d), or (e) and (f));
however, as shown by the next example (i.e. Ramp-Then-Flat), the plots of FLOL and NLOL are not always
the same. This is because FLOL is formulated to estimate the loss rate within the exposure zone, both of
which are functions of HAZ_I and its interaction with the cross-sectional shape. These interactions are
non-intuitive so care should be taken when using mortality rates for informing risk management and
emergency planning.
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E.2

Ramp Cross-Section
The ramp cross-section is the simplest and easiest to understand (Figure 125). The analysis shown

here is similar to the first ramp example shown in Figure 58 (Section 5.4.2). One minor difference here is
the right-hand side of the FLOL curves in Figure 125c which has a small upturn as HAZ_I approaches
CPS_PMAX. This is due to the fact that when HAZ_I | 19m and 21m, the loss rate for the last triangle
defined by PAR_S increases one-to-one (see Triangle 4 in Figure 57, Section 5.4.1). Another difference is
that FLOL can drop to zero if the person leaves soon enough as shown for some of scenarios (e.g., TSMM =
4 or 8 minutes) or if the hazard is not severe (e.g., HAZ_I = 7 or 9 m) in Figure 125c/d.
The shelter option is shown to be equivalent in effectiveness to the evacuate option for TSMM=16.
Note that this is because the safety margins are the same for those two scenarios but the hazard intensities
are different. This shows that different initial conditions can lead to similar life safety outcomes but for
different values of the input random variables.
E.3

Flat-Then-Ramp Cross-Section
The flat-then-ramp cross-section is the worst-case scenario. The PAR are exposed for the longest

extent of the community with the least amount of protection. This is reflected in the estimated measures
for both FLOL and NLOL as shown in Figure 126.
Figure 126c/e show that the mortality rate and total mortality are highly sensitive to changes to
HAZ_I in this example. As HAZ_I increase beyond 9 m, the mortality values climb quickly from very low
to very high values. Figure 126d/f show this same situation, but that losses are dominated by HAZ_I. It is
only when HAZ_I = 7 m and the wait time is less than 17 minutes that it is possible to keep losses below
250 people. Together, these four subplots show how mortality outcomes can demonstrate bifurcations in
systems behaviours in which small changes in driving parameter can lead to significant differences in
outcomes.
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E.4

Detailed Calculations of Evacuability and Shelterability for Tofino and Ucluelet
The detailed calculations that support the assessment of evacuability and shelterability for Tofino

and Ucluelet are shown in Figure 127 and Figure 128, respectively. Figure 127a shows the cross-section
which is largely flat for most of the distance until a significant gain in height is realized in the last 600 m
of the journey. Figure 127b presents the benchmark Journey Line in the Life Safety Performance Space
for the eight different values of HAZ_I. Figure 127c/d show the estimated Life Safety Performance in
terms of the loss rate FLOL, with HAZ_I and then TSMM as the horizontal axis with isolines plotted for TSMM
and HAZ_I respectively. Figure 127e/f show similar information in term of the loss magnitude NLOL.
Figure 127c/e also show the performance for the shelter option for one- and two-storey structures as grey
and grey-dashed lines. Figure 128a-f present the same content for Ucluelet. A comparison of the 'a' plots
shows that the Ucluelet PAR have much shorter distances to travel and they gain elevation far more
quickly than the Tofino PAR. The 'b' plots show that the Tofino PAR have a much larger time deficit and
that some have a deficit greater than thirty minutes which means that that can never reach their haven
before the tsunami arrives. By comparison, the worst-case for the Ucluelet PAR is a time surplus of
fifteen minutes.
For both communities, the protection deficits are of the same order which means that time will be
the dominant factor in determining loss/survival outcomes. A comparison of the c/d plots supports this
statement with the mortality rate for Ucluelet only moving above FLOL = 25% if TSMM is greater than 20
minutes. The mortality magnitude estimates are also quite different with the more than 500 people being
lost per km in Tofino for HAZ_I = 11m and TSMM = 20 min while the comparable mortality in Ucluelet
would be zero loss of life. The curves for sheltering-in-place similarly show that it would be better to
shelter in Ucluelet than in Tofino. This analysis suggests that Ucluelet could be more evacuable and more
shelterable than Tofino.
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Figure 129 summarizes the mortality estimates for the two communities. The horizontal and
vertical axes are HAZ_I and TSMM, respectively, and the mortality estimates are shown and symbolized in
each cell using six colours. The outcomes for sheltering are provided below the evacuation estimates. The
graphic shows that Ucluelet could have better outcomes for the majority of the possible set of hazard
intensity and community response scenarios. For example, all of the estimated evacuation outcomes for
Ucluelet for TSMM  15 minutes have an estimated NLOL = 0 while Tofino has a much smaller set of
effective evacuation options.
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Appendix F. Examples of Input Files for Simulation of the Malpasset Dam
Failure
A number models of the devastating flood released by the Malpasset Dam failure have been
developed (George 2011; Hervouet and Rouge 1996; Valiani et al. 2002). Detailed forensic models of the
impacts of the flood on the downstream communities have also been produced (Johnstone 2005;
Johnstone et al. 2003). This appendix presents examples of the simulator input files to show the types of
data that are required to estimate the Life Safety of a CPS at the micro-resolution for a dam failure:
Table 49 is a scenario control file that specifies input files and the governing simulation
parameters. Table 50 is a road network file. This specifies the Evacuation Route System.
Table 51 is a building file which defines the buildings and outdoor places where the people begin
as well as the target internal and external safe havens.
Table 52 is a file which defines each individual modelled in the simulation. For the road, building
and population (PARU, PARG) files, a header describes the content of the data section which follows
immediately after. For Table 51 and Table 52, the first two columns are the geographic Easting and
Northing coordinates. The header describes the data columns after the Easting and Northing data
columns.
Table 53 presents a time snapshot of the people for an evacuation in which the warning was
issued fifteen minutes after dam failure. The PARU snapshot is taken at time t = 45 minutes.
Table 54 presents an output summary file which reports the controlling parameters, the input and
output filenames and a summary of the status of each person, group, vehicle and structure at the end of
the simulation. The Life Safety Measures developed in this dissertation extend the basic loss and survival
outcome measures provided by this table.
Table 49 - Example Scenario Input File for a Malpasset Evacuation Simulation
#======================================================================
# param File
# Input PCL File for BC Hydro 2D LSM Simulator
#
#
# Comprehensive Model - recreate PAR, Buildings, LOL & Building Loss for 9:00 pm event
#
# Simulation Run:
SCENARIO A08 - EVACUATION AT 15 MINUTES
# Study/Project Information:
Malpasset Dam Failure
# Created By:
Malpasset Test Data Generator & Manual Editing
# Edited by:
W.M. Johnstone
# Create Date:
Sept 18, 2003
# Source Data:
Buildings_in_boundary_centroid_4_inflood.dbf
# Change Record:
# 2012APR27 - WMJ: Produce state-space outputs w/ different evacuation times
#======================================================================
: End Header
# Simulation Parameters
:simulation_start_time
0
# start of simulation, seconds
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:simulation_duration
5400
# duration of simulation, seconds
:simulation_timestep
2
# time step of simulation, seconds
:simulation_save_step
90
# save step
# Input File Names
:input_file_road_network
<file path>\Malpasset_Roads_1955_v2.n3s
:input_file_buildings
inBldg.pcl
:input_file_PARG
inPARG.pcl
:input_file_PARU
inPARU.pcl
#input hydrodynamic Files
:input_file_bathymetry
<file path>\tel_malpasset_lambert2_Z.t3s
:input_file_depths
<file path>\tel_malpasset_lambert2_D.t3s
:input_file_free_surface
<file path>\tel_malpasset_lambert2_FSURF.t3s
:input_file_velocities
<file path>\tel_malpasset_lambert2_UV.t3v
#Output file names
:output_file_parg
outPARG.pcl
:output_file_paru
outPARU.pcl
:output_file_vhcl
outVehicle.pcl
:output_file_bldg
outBldg.pcl
:output_file_road_network
outRoad.n3s
:output_file_summary
outSummary.txt
# Output Hydrodynamics - output temporal hydrodynamics
:save_hydrodynamics
true
:output_file_depths
outDepth.t3s
:output_file_free_surface
outFreeSurface.t3s
:output_file_velocities
outVelocity.t3v
:save_dv
true
:output_file_dv
outDV.t3v
#DV exponents
:exponent_depth
1
:exponent_current
1
# awareness depths
:awareness_depth_bldg
2.50 #water depth (m) that triggers awareness of building occupants
:awareness_depth_ped
0.25 #water depth (m) that triggers awareness of pedestrians
:awareness_depth_vhcl
0.25 #water depth (m) that triggers awareness of vehicle occupants
#evacuation parameters
:default_time_to_awareness
900 # used by people not warned by warning centres
#enable proximity warnings
:proximity_warning_distance
2
#Safe Haven parameters
:safe_elevation
50 # set target safe elevation (m)
#Minimum Spacing
:minimum_vehicle_spacing
2
#Greenshield's linear speed-concentration relationship values
:greenshield_kmax
400 # the maximum traffic density (jam density) in vehicles/km/lane.
:greenshield_min_conc
0.5 # the lower limit for 1 - K/KMax.
#Reduction factors for PARU and BLDG
:reduction_PCDVM
1
:reduction_BCDVM
0.005
# output files save options
# PARG
:save_id_parg
true
:save_person_count_parg
true
:save_status_parg
true
:save_travel_mode_parg
true
:save_depth_parg
true
:save_current_parg
true
:save_dv_parg
true
# PARU
:save_id_paru
true
:save_parg_index_paru
true
:save_status_paru
true
:save_depth_paru
true
:save_current_paru
true
:save_dv_paru
true
# BLDG
:save_id_bldg
true
:save_status_bldg
true
:save_depth_bldg
true
:save_current_bldg
true
:save_dv_bldg
true
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Table 50 - Example of a Road Network File for a Malpasset Evacuation Simulation
#======================================================================
:FileType n3s ASCII EnSim 1.0
# Canadian Hydraulics Centre/National Research Council
# DataType
Road Network
#
:Application
EnSimLSM2D
:Version
1.3.0
:WrittenBy
WMJ
:CreationDate
Sun, Sep 07, 2003 07:18 PM
# Change Record:
# 2012APR27 - WMJ:
# Produce state-space outputs with different evac times
# Change road speed limit to 5 km/hr to model pedestrian movements with congestion
#
#--------------------------------------------------------------------------------------------------------------------#
:Title Road Network
#
:Projection Cartesian
:Ellipsoid Unknown
#
:AttributeName
1 TYPE
:AttributeType
1 text
:AttributeName
2 DEPT
:AttributeType
2 text
:AttributeName
3 NUM_ROUTE
:AttributeType
3 text
:AttributeName
4 CATEGORIE
:AttributeType
4 text
:AttributeName
5 NOM_ROUTE
:AttributeType
5 text
:AttributeName
6 ETAT_CHAU
:AttributeType
6 text
:AttributeName
7 IMPORTANCE
:AttributeType
7 text
:AttributeName
8 NB_VOIES
:AttributeType
8 text
:AttributeName
9 NORMALISEE
:AttributeType
9 text
:AttributeName
10 POS_SOL
:AttributeType
10 text
:AttributeName
11 TOPONYME
:AttributeType
11 text
:AttributeName
12 STATUS
:AttributeType
12 text
:AttributeName
13 NUMLANES
:AttributeType
13 integer
:AttributeName
14 SPEEDLIMIT
:AttributeName
15 ELEVATION
:AttributeName
16 IGN_TYPE
:AttributeType
16 text
#
#
:EndHeader
#======================================================================
# Road segment section
#
:Segment 1 2 "Road" "" "7" "Nationale" "" "Revêtue" "Principale" "4 voies" "Normalise" "Au sol" "N 7" "Open" 4 5 0 "Tronçon de route"
953301.600000 1837050.900000 12.800000
953342.000000 1837007.800000 17.100000
:EndSegment
:Segment 2 5 "Road" "" "7" "Nationale" "" "Revêtue" "Principale" "4 voies" "Normalise" "Au sol" "N 7" "Open" 4 5 0 "Tronçon de route"
953342.000000 1837007.800000 17.100000
953358.500000 1836991.100000 18.800000
953410.900000 1836937.900000 17.400000
953419.000000 1836929.800000 17.200000
953428.700000 1836920.200000 16.200000
:EndSegment
:Segment 3 5 "Road" "" "7" "Nationale" "" "Revêtue" "Principale" "4 voies" "Normalise" "Au sol" "N 7" "Open" 4 5 0 "Tronçon de route"
953213.200000 1837145.800000 4.000000
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953218.100000 1837140.900000 4.000000
953231.300000 1837127.500000 5.300000
953276.200000 1837078.000000 10.200000
953301.600000 1837050.900000 12.800000
:EndSegment
:Segment 4 2 "Road" "" "7" "Nationale" "" "Revêtue" "Principale" "4 voies" "Normalise" "Au sol" "N 7" "Open" 4 5 0 "Tronçon de route"
953213.200000 1837145.800000 4.000000
953191.800000 1837167.400000 4.300000
:EndSegment
:Segment 5 3 "Road" "" "7" "Nationale" "" "Revêtue" "Principale" "4 voies" "Normalise" "Au sol" "N 7" "Open" 4 5 0 "Tronçon de route"
953191.800000 1837167.400000 4.300000
953176.100000 1837184.000000 4.500000
953168.600000 1837191.900000 5.000000
:EndSegment
<data removed>
#--------------------------------------------------------------------------------------------------------------------#
# Intersection node connectivity section
#
:Node 1 3 1 -3 -258
:Node 2 2 -1 2
:Node 3 4 -2 9 -205 266
:Node 4 2 3 4
:Node 5 3 -4 5 228
:Node 6 3 -5 7 259
:Node 7 4 6 8 223 -1178
:Node 8 2 -6 -29
:Node 9 1 -7
:Node 10 3 -8 -10 1176
<data removed>

Table 51 - Example of a Building Input File for a Malpasset Evacuation Simulation
#======================================================================
:FileType pcl ASCII EnSim 1.0
# Canadian Hydraulics Centre/National Research Council
# DataType
Parcel Set
#
:WrittenBy
WMJ
:CreationDate
Sat, Apr 28, 2012 10:14 AM
#
# Note - WMJ - 2012FEB: No changes required for Life Safety State Space calculations
#-----------------------------------------------------------------------:Name BLDG_15min
#
:AttributeName
1
Elevation
# Elevation in metres (-999 = defined by input surface)
:AttributeUnits
1
m
:AttributeName
2
ID
# Building unique identifier
:AttributeName
3
StrengthType
# Index into building strength parameter table
:AttributeType
3
integer
:AttributeName
4
NumUnits
# Number of occupiable units in structure
:AttributeType
4
integer
:AttributeName
5
ResGType
# Type of structure occupancy
:AttributeType
5
text
:AttributeName
6
psh
# Indicates if the structure is a safe haven
:AttributeType
6
boolean
:AttributeName
7
BSS
# Structural state
:AttributeName
8
BSSC
# Critical structural state
:AttributeName
9
BCDVM
# Capacity to withstand continuous damage
:AttributeName
10 BDVCA
# Initial critical DV value for destroying a building
#
:EndHeader
#======================================================================
956140.36
1835609.75
-999
1
1
1
"SFD"
False
1
0.1 10000
956072.21
1835594.38
-999
2
1
1
"SFD"
False
1
0.1 10000
956017.13
1835611.79
-999
3
1
1
"SFD"
False
1
0.1 10000
955986.82
1835621.77
-999
4
1
1
"SFD"
False
1
0.1 10000
955968.85
1835626.87
-999
5
1
1
"SFD"
False
1
0.1 10000
956100.02
1835615.46
-999
6
1
1
"SFD"
False
1
0.1 10000
956054.27
1835636.00
-999
7
1
1
"SFD"
False
1
0.1 10000
956193.38
1835623.40
-999
8
1
1
"SFD"
False
1
0.1 10000

10
10
10
10
10
10
10
10
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956206.46
1835617.80
956227.46
1835599.59
<data removed>
958541.87
1834811.91
958492.99
1834795.62
958429.54
1834766.46
958318.92
1834747.60
<data removed>

-999
-999

9
10

1
2

1
5

"SFD"
"MFD"

False
False

1
0.1
1.3 0.1

10000
20000

10
10

-999
-999
-999
-999

822
823
824
825

2
2
2
1

5
5
5
1

"MFD"
"MFD"
"MFD"
"SFD"

False
False
False
False

1.3
1.3
1.3
1

20000
20000
20000
10000

10
10
10
10

0.1
0.1
0.1
0.1

Table 52 - Example of a PARU Input File for a Malpasset Evacuation Simulation
#======================================================================
# BC Hydro Life Safety Model V1.0 - PARU PCL File
# Input PCL File for BC Hydro 2D LSM Simulator
#
# Comprehensive Model - model PAR, Buildings, LOL & Building Loss for 9:00 pm event
#
# Study/Project Information:
Test Dataset Using Buildings Edited by JJC, SW by DU
# Created By:
Malpasset Test Data Generator & Manual Editing
# Edited by:
W.M. Johnstone
# Create Date:
Sept 24, 2003
# Source Data:
Buildings_in_boundary_centroid_5.dbf
#
# Note - WMJ - 2012FEB: No changes required for Life Safety State Space calculations
#-------------------------------------------------------------------------------------------#
:AttributeName
1 Elevation
# Elevation in metres (-999 = defined by input surface)
:AttributeUnits
1 m
:AttributeName
2 PARGINDEX
# Index to each PARG
:AttributeName
3 StrengthType
# Index into building strength parameter table
:AttributeType
3 Integer
:AttributeName
4 PPC
# Initial physical condition of an individual PARU
:AttributeName
5 PPCC
# Critical physical condition of an individual PARU (if PPC < PPCC then PARU is lost)
:AttributeName
6 PLTDA
# Lowest toppling depth (m)
:AttributeName
7 PHSDA
# Highest safe depth (m)
:AttributeName
8 PDVTCA
# Critical DV for toppling the person (m2/sec)
:AttributeName
9 PDVDCA
# Critical DV for drowning the person (m2/sec)
:AttributeName
10 PSA
# Escape speed on foot (km/hr)
:AttributeName
11 PDEUA
# Delay before evacuating a building (seconds)
:AttributeName
12 PDEVA
# Delay before evacuating a vehicle (seconds)
:AttributeName
13 PCDVM
# Cumulative DV that results in complete exhaustion
#
: EndHeader
#======================================================================
956140.36
1835609.75
-999
1
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956140.36
1835609.75
-999
1
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956140.36
1835609.75
-999
1
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956140.36
1835609.75
-999
1
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956072.21
1835594.38
-999
2
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956072.21
1835594.38
-999
2
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956072.21
1835594.38
-999
2
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956072.21
1835594.38
-999
2
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956017.13
1835611.79
-999
3
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956017.13
1835611.79
-999
3
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956017.13
1835611.79
-999
3
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956017.13
1835611.79
-999
3
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
955986.82
1835621.77
-999
4
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
955986.82
1835621.77
-999
4
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
955986.82
1835621.77
-999
4
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
955986.82
1835621.77
-999
4
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
955968.85
1835626.87
-999
5
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
955968.85
1835626.87
-999
5
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
955968.85
1835626.87
-999
5
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
955968.85
1835626.87
-999
5
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
956100.02
1835615.46
-999
6
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956100.02
1835615.46
-999
6
1
1
0.15 0.17 1.15
0.75 3.0 5
0
0
4000
956100.02
1835615.46
-999
6
2
1
0.50 0.03 0.30
0.10 1.5 5
0
0
1000
<data removed>
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Table 53 - Example of a Detailed PARU Snapshot File for a Malpasset Evacuation Simulation
#########################################################################
:FileType tb0 ASCII EnSim 1.0
# Canadian Hydraulics Centre/National Research Council
# DataType
EnSim Table Data
#
:Application
GreenKenue
:Version
3.1.55
:WrittenBy
W.M. Johnstone
:CreationDate
Sat, Apr 28, 2012 08:10 AM
#
#
Time Snapshot of PARUs at Event Time t = 45 minutes after failure assuming 15 minutes to first warning time
#
#
PARU states:
#
0 = Unware
#
1 = Aware and Mobilzing
#
2 = Evacuating
#
3 = Safe
#
4 = Toppled
#
5 = Deceased - Drowned
#
6 = Deceased - Exhaustion
#
7 = Deceased - Collapsed Building
#
8 = Deceased - Toppled Vehicle
#-----------------------------------------------------------------------#
:ColumnMetaData
:ColumnName
id
Easting
Northing
Elevation
PARGIndex
Status
DV
:ColumnUnits
""
"" ""
metres
""
""
m^2/s
:ColumnType
integer
float
float
float
float
float
float
:EndColumnMetaData
#
:EndHeader
#======================================================================
0
956948.94
1835655.30
8.32
1
3
0.00
# PARUs are safe
1
956948.94
1835655.30
8.32
1
3
0.00
2
956948.94
1835655.30
8.32
1
3
0.00
3
956948.94
1835655.30
8.32
1
3
0.00
4
956948.94
1835655.30
8.32
2
3
0.00
5
956948.94
1835655.30
8.32
2
3
0.00
6
956948.94
1835655.30
8.32
2
3
0.00
7
956948.94
1835655.30
8.32
2
3
0.00
8
956948.94
1835655.30
8.32
3
3
0.00
9
956948.94
1835655.30
8.32
3
3
0.00
10 956948.94
1835655.30
8.32
3
3
0.00
11 956948.94
1835655.30
8.32
3
3
0.00
<data removed>
386 957975.88
1843147.10
36.96
192
7
0.00
# PARUs deceased by structural collapse
387 957975.88
1843147.10
36.96
192
7
0.00
388 957975.88
1843147.10
36.96
192
7
0.00
389 957975.88
1843147.10
36.96
192
7
0.00
390 957974.56
1842973.50
36.30
193
7
0.00
391 957974.56
1842973.50
36.30
193
7
0.00
392 957974.56
1842973.50
36.30
193
7
0.00
393 957974.56
1842973.50
36.30
193
7
0.00
394 957610.00
1842319.30
42.36
194
5
17.04
# PARUs deceased by drowning
395 957610.00
1842319.30
42.36
194
5
17.04
396 957610.00
1842319.30
42.36
194
5
17.04
397 957610.00
1842319.30
42.36
194
5
17.04
398 956108.81
1839540.80
20.00
202
5
8.75
399 956108.81
1839540.80
20.00
202
5
8.75
400 956108.81
1839540.80
20.00
202
5
8.75
401 956108.81
1839540.80
20.00
202
5
8.75
402 956193.50
1839208.60
20.07
204
5
4.25
403 956193.50
1839208.60
20.07
204
5
4.25
404 956193.50
1839208.60
20.07
204
5
4.25
405 956193.50
1839208.60
20.07
204
5
4.25
406 956520.44
1839168.30
17.06
206
7
0.00
# PARUs deceased by structural collapse
407 956520.44
1839168.30
17.06
206
7
0.00
408 956520.44
1839168.30
17.06
206
7
0.00
409 956520.44
1839168.30
17.06
206
7
0.00
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410 956097.00
411 956097.00
412 956097.00
413 956097.00
414 956097.00
415 956097.00
<data removed>
522 955749.06
523 955749.06
524 955749.06
525 955749.06
526 955749.06
527 955749.06
528 955749.06
529 955749.06
530 955588.69
531 955588.69
532 955588.69
533 955588.69
534 955601.56
535 955601.56
536 955601.56
537 955601.56
<data removed>

1839263.10
1839263.10
1839263.10
1839263.10
1839263.10
1839263.10

-999.00
-999.00
-999.00
-999.00
-999.00
-999.00

207
207
207
207
207
207

1
1
1
1
1
1

0.00
0.00
0.00
0.00
0.00
0.00

# PARUs are aware and mobilizing

1837165.30
1837165.30
1837165.30
1837165.30
1837165.30
1837165.30
1837165.30
1837165.30
1836694.30
1836694.30
1836694.30
1836694.30
1836716.40
1836716.40
1836716.40
1836716.40

24.88
24.88
24.88
24.88
24.88
24.88
24.88
24.88
9.87
9.87
9.87
9.87
12.71
12.71
12.71
12.71

291
291
291
291
292
292
292
292
293
293
293
293
294
294
294
294

3
3
3
3
3
3
3
3
5
5
5
5
5
5
5
5

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.32
2.32
2.32
2.32
2.27
2.27
2.27
2.27

# PARUs are safe

# PARUs deceased by drowning

Table 54 - Example of an Output Summary File for a Malpasset Evacuation Simulation
Summary of LSM2D Simulation: scenario
Simulation Date:
Apr 28 2012, 06:44:37
Application Name:
C:\<file path>\LSM2D.exe
Version:
1.4.6
Compile Date:
Apr 24 2009, 10:22:20
Parameter File:
C:\<file path>\scenario.param
Road Network File:
<file path>\Malpasset_Roads_1955_v2.n3s
Number of Intersections:
2026
Number of Road Segments:
2267
Buildings File:
C:\<file path>\inBldg.pcl
PARG File:
C:\<file path>\inPARG.pcl
PARU File:
C:\ <file path>\inPARU.pcl
Number of Buildings:
886
Number of PARGs:
886
Number of PARUs:
2814
Hydrodynamic Bathymetry File: <file path>\tel_malpasset_lambert2_Z.t3s
Hydrodynamic Depth File:
<file path>\tel_malpasset_lambert2_D.t3s
Hydrodynamic Velocity File:
<file path>\tel_malpasset_lambert2_UV.t3v
Hydrodynamic Surface File:
<file path>\tel_malpasset_lambert2_FSURF.t3s
Output Files
VHCL Output File:
C:\<file path>\outVehicle.pcl
PARG Output File:
C:\<file path>\outPARG.pcl
PARU Output File:
C:\<file path>\outPARU.pcl
BLDG Output File:
C:\<file path>\outBldg.pcl
Road Network Output File:
C:\<file path>\outRoad.n3s
Output Temporal Hydrodynamics:TRUE
Hydrodynamic Depth File:
C:\<file path>\outDepth.t3s
Hydrodynamic Velocity File:
C:\<file path>\outVelocity.t3v
Hydrodynamic Surface File:
C:\<file path>\outFreeSurface.t3s
Output DV:
TRUE
DV File:
C:\<file path>\outDV.t3v
Simulation Parameters
Simulation Start Time:
Simulation Duration:
Simulation Timestep:
Simulation Savestep:
DV Exponents
Depth Exponent:
Current Exponent:
Awareness Depths
Vehicle Awareness Depth
Pedestrian Awareness Depth
Building Awareness Depth

0 seconds
5400 seconds
2 seconds
90
1
1
0.25 metres
0.25 metres
2.5 metres
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Safe Elevation:
50 metres
Default Time To Awareness:
900 seconds
Minimum Vehicle Spacing:
2 metres
Greenshield Values
KMax:
400
Lower limit for 1 - K/KMax:
0.5
Reduction Values for Calculating PCDVM and BCDVM
Reduction value for PCDVM:
1
Reduction value for BCDVM: 0.005
Close Flooded Roads:
FALSE
Proximity Warning has been activated
Proximity Warning Distance:
2 metres
SUMMARY - END OF SIMULATION
Status of PARUs at end of simulation:
Number of PARUs
2814
Number Unaware
0
Number Aware
6
Number Aware & Evacuating
8
Number Safe
2378
Number Toppled
0
Number Deceased
422
Drowned
302
Exhaustion (PPC<PPCC)
0
BLDG Collapse
112
VHCL Toppled
8
PARU Output File:
C:\<file path>\outPARU.pcl
Status of PARGs at end of simulation:
Number of PARGs
886
Number Unaware
0
Number Aware
5
Number Aware & Evacuating
3
Number Safe
703
Number Toppled
0
Number Deceased
175
Drowned
126
Exhaustion (PPC<PPCC)
0
BLDG Collapse
46
VHCL Toppled
3
Number Empty
0
PARG Output File:
C:\<file path>\outPARG.pcl
Status of BLDGs at end of simulation:
Number of BLDGs
886
Number Standing
676
Number Destroyed
210
BLDG Output File:
C:\<file path>\outBldg.pcl
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